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ABSTRACT: The pristine BNNTSs contain both Lewis acid (boron) and Lewis base (nitrogen)
centers at their surface. Interactions of ammonia and borane molecules, representatives of Lewis
base and acid as adsorbates respectively, with matching sites at the surface of BNNTSs, have been
explored in the present DFT study. Adsorption energies suggest stronger chemisorption (about
15-20 kcal/mol) of borane than ammonia (about 5-10 kcal/mol) in both armchair (4,4) and zigzag
(8,0) variants of the tube. NH3 favors (8,0) over the (4,4) tube, whereas BH; exhibits the opposite
preference, indicating some chirality dependence on acid-base interactions. A new feature of
bonding is found in BH3/AIH3-BNNTs (at the edge site) complexes, where one hydrogen of the
guest molecule is involved in three-center two-electron bonding, in addition to dative covalent
bond (N: — B). This interaction causes a reversal of electron flow from borane/alane to BNNT,
making the tube an electron acceptor, suggesting tailoring of electronic properties could be
possible by varying strength of incoming Lewis acids. On the contrary, BNNTs always behave as
electron acceptor in ammonia complexes. IR, XPS and NMR spectra show some characteristic
features of complexes and can help experimentalists to identify not only structures of such
complexes but also the location of the guest molecules and design second functionalizations.
Interaction with several other neutral BF;, BCly, BH,CH3 and ionic CH;™ acids as well as amino
group (CH3NH, and NH,COOH) were also studied. The strongest interaction (> 100 kcal/mol) is
found in BNNT-CH;" complexes and H-bonds are the only source of stability of NH,COOH-
BNNT complexes.
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INTRODUCTION

In 1923, G. N. Lewis proposed a generalized theory ' of acid and base that allows
chemists to predict a wider variety of acid-base reactions than Brensted-Lowry’s proton (H')
theory. According to his definition a base is an electron pair donor while the acid accepts that
pair, resulting in a coordinate covalently bonded compound, also known as a Lewis adduct. A
common and widely used example of Lewis adduct in chemistry textbooks is ammonia borane
(NH3-BH3) where ammonia (NH3) donates a lone pair of electrons to the vacant p-orbital of
borane. This bond is well known as a dative covalent bond and is represented as HsN—>BH;. The
donating electron pair from base need not to be a lone pair, but can also be a pair of electrons in
n-bonds. Acid-base reaction is one of the key components of chemical reactions and a wide
range of chemicals (non-metal to metal in organic and inorganic chemistry) are involved in this
process. Recent development of nanomaterials raised curiosity on how such nanomaterials can
act as acid or base.

Since many boron and nitrogen containing compounds individually exhibit acid and base
properties, respectively, then how will they behave when both are present in the same materials?
If they show individual characteristics in such materials then what characteristics would they
exhibit and how will those differ from simple Lewis acid-base adducts? Boron nitride nanotube
(BNNTSs) represent one such material and we explore acid and base properties by allowing BN-
tubes to interact with guest acid and base molecules. Prior to proceed with our study, we briefly
summarize structure, properties and chemical modifications of BNNTs.

Boron nitride nanotubes (BNNTSs) were predicted in 1994 %3 and in the following year
experimentally realized by arc-discharge method *. This pioneering experimental study initiated
further development of synthetic methods of BNNTs by several groups ~'°. Although BNNTs
are structurally similar to their organic cousin carbon nanotubes (CNTs) ' '?) they exhibit
extraordinary mechanical properties, larger thermal conductivity, higher field emission property,
higher resistance towards oxidation and thermal stability than CNTs '** '*. These properties
elevated the importance of BNNTs as a promising and attractive candidate for innovative
applications in various fields of science and technology. Despite several similarities, nearly
uniform electronic properties, insensitive to their chirality and diameters, makes BNNTSs
different from CNTs.

Chemical modifications not only allow tuning several properties of BNNTs, but also
create new functionalized materials and have been an active research area '° since synthetic and
purification methods were standardized to produce gram quantities '® of nanotubes. Such
modifications includes substitutional doping, and covalent and non-covalent functionalization by
a wide-range of chemicals at the surface. A recent theoretical study '’ revealed that positively
charged BNNTs can chemically adsorb CO,. If so, then one can make BNNTSs as positively or
negatively charged species. Guest Lewis acids and Lewis bases may play a role in such
modifications of neutral BNNTs.

Intrinsic chemical properties of boron nitride nanotubes lie in their chemical composition,
where boron atoms may behave as Lewis acid whereas nitrogen atoms may act as Lewis base.
Due to the curvature of the tube, activities of those centers (due to pseudo-sp” hybridization and
strain) may play an important role in covalent functionalization. Indeed, this property has been
explored by two research groups '* ' where boron centers of BNNTs (in both multi-wall and
single-wall tubes) were used as Lewis acid. The nitrogen atoms of tri-n-alkylamines and
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phosphorous of tri-n-alkylphosphine, as Lewis base, forms an adduct with B center of multi-wall
BNNTs and such complexes were found soluble in organic solvents '® with retention of the tube
structure. However, such functionalization technique and bases were found inactive for single-
wall BNNTSs. A versatile strategy was proposed by Maguer et al. '° where nitrogen atoms of
quinuclidine molecules were used for single- and multi-wall BN nanotubes and resulting adducts
were soluble in different media including water. These experimental findings clearly suggest
Lewis acid-base interaction plays a significant role in complex formation and open an avenue of
wet chemistry of BNNTs.

However, fundamentals of such reaction processes, such as effects on guest molecules,
interaction strengths, selectivity at the surface of the tube, dependence on the chirality, spectral
characterization etc. are not yet explored. Knowledge of these factors not only will help to
disentangle complicated experimental results, but will also provide fundamental ideas to advance
research on chemical modifications of BNNTs. To understand and reveal characteristics of
BNNTSs toward acids and bases, we theoretically investigate single-wall BNNTs and different
adsorbates at the surface of tubes. We first concentrate on the interaction with NH; (as base) and
BHj; (as acid), critically analyze these results, especially spectroscopic characterization. Then,
other acids and bases are considered to determine the effects of derivatization.

Models and Computational Methods:

Covalent chemical modifications at the surface of zigzag tubes have mostly received
attention in reported theoretical investigations . Since the armchair configuration is also
observed, both types of tube were considered to assess effect of chirality on the adsorption of
NHj3, BH; and other acids/bases, and to estimate the strength of Lewis acid-base interaction and
other properties of resulting complexes. As representatives of armchair and zigzag tubes, (4,4)
and (8,0) BNNT, respectively were chosen in the present investigation. These molecular models,
most commonly used in previous theoretical studies, contain 32 boron and 32 nitrogen atoms;
tips were saturated with hydrogens to avoid dangling bonds. We also included larger tube
models to verify the effect of length and diameter on the interaction with acid and base.

Previous studies 2°%* on the interaction between NHj; or its derivatives and BNNTSs were
mostly modeled at the middle of the tube surface and a periodic boundary condition (PBC) was
applied. Since active sites are also possible at or near the edges, such periodic models are
missing the edge-effects on the adsorption properties. Moreover, periodic boundary conditions
cannot be applied to mimic edge functionalizations due to interruption of translational symmetry.
Thus, the molecular model seems an appropriate approach at present, unless some new modeling
technique is evolved. In our models, adsorbents were placed at various sites, starting from one
end of the tube and progressively moved to the other end, covering all possible adsorption sites.
To identify those acid and base centers of the tubes, a numbering scheme (Scheme 1) is used,
where B stands for acid center and number 1 to 4 indicates the location at the surface of the
tubes. Similarly the base centers are indicated using N1 to N4.

The B3LYP variant of density functional theory (DFT) ** ?° was used to include
correlation effects. A double-C quality 6-31G* basis set augmented with polarized d-functions for
all heavy atoms was used. Several previous studies *** on BNNTs used a similar basis set. Basis
functions without a set of diffuse sp-functions for electronegative atoms are inadequate,
especially for interaction energy. So an additional set of diffuse sp-functions was added to the 6-
31G* basis function. Geometries of pristine and chemically modified BNNTs were fully
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optimized without any symmetry restriction using both 6-31G* and 6-31+G* basis sets, followed
by vibrational analyses that insure the identification of true minima.

Adsorption energies (E.q) represent the energy difference between the complex and
constituents and are obtained using the following equation (eq 1), where E is the electronic
energy.

E. = E(BNNT-NHy/BH3) — (E (BNNT) + E(NHyBH;) (1)

For an attractive or favorable interaction,the adsorption energy (also termed as interaction or
complexation energies in following description) is negative, otherwise it is positive. Some
research groups use this quantity as it is obtained in eq 1, while others use negative of E,4 for
attractive interaction. We followed the latter terminology, i.e., E,q is positive for attractive
interaction (exothermic process) and the complex is stable. All adsorption energies are corrected
for basis set superposition error (BSSE), where one unit uses basis sets of others in complex and
vive versa) using the counter-poise (CP) method *’.

Besides structural and energetic information of the complex formation, IR, XPS and
NMR characterization were included in this study. Calculated harmonic vibrational frequencies
are normally slightly higher than experimental values (even for more accurate methods, such as
MP2, CCSD etc, as well as for larger basis sets, and anharmonicity corrections) and a scale
factor is commonly used to better correspond with experimental spectra. For example, a value of
0.960 is recommended for B3LYP/6-31G* methods **. Natural population analysis (NPA) and
natural bond orbital (NBO) analyses > *° were performed to obtain charge distribution and
nature of bonding in the complexes. Binding energies (BE) of the 1s orbital (for XPS spectra) of
B and N atoms were estimated from the negative of core orbital energies from NBO data. For
NMR spectra, the GIAO method *" *?, most commonly used for wide range of compounds, was
used to obtained chemical shielding constant (ois) and chemical shift (8) of ''B and "N.

All calculations were performed using the Gaussian-09 ** code. Models of BNNTs and
modified BNNTs were obtained using Chemcraft ** software, which was also used to generate
figures for geometry and vibrational analyses.

RESULTS AND DISCUSSION

Several interactions of ammonia and borane at the surface of BNNT are possible and
those are: (a) via N-H--N(BNNT) hydrogen bonding where one of the hydrogens of ammonia
approach the N atoms of the tube, (b) B-H-B(BNNT) three-center two-electron (3c-2¢) bonding
3> where one of the hydrogens of BHj is also shared by one of the boron atoms of BNNTSs, (c) H
atom of NH; approaching the middle of the BN-hexagonal ring, representing m-cation interaction
and (d) formation of covalent dative N: — B bond where B(N) of adsorbents interact with N(B)
atom of the tube. All attempts to optimize H-bonded as well as solely B-H-B 3c-2e bonded
structures on top of BN hexagonal ring were not successful and optimization starting with any of
those kinds of structures led to covalent dative bonded adducts in most cases. This is not
surprising as the covalent interaction is the strongest among three interactions, and such
complexes are global minima in the potential energy surface *°.

BNNTs-NH;:
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In the 64 atom molecular model of BNNT, basically there are four possible Lewis acid
sites from one end of the tube to the other end as shown in Scheme I and incoming Lewis base
(single NH3 molecule) is attached to these four active centers, unlike previous studies 2°* where
only one center at the middle of the surface was considered. The BSSE corrected B3LYP/6-
31+G* fully optimized structures of those four (4,4)-BNNT-NH; are depicted in Fig. 1, along
with most relevant geometric parameters at the adsorption site. To verify the effect of adsorption
on BN bond distances far from active site, some of those BN distances are also given in figures.
Adsorption energies (E,q), with and without BSSE correction, are summarized in the first two
columns of Table 1. As expected, counterpoise correction lowers the E,q value by about 2.6-3.0
kcal/mol. Similar values were reported in an earlier work »* using B3LYP/6-31G*. These results
indicate non-CP corrected adsorption energies are overestimated by a meaningful factor that
cannot be ignored in studying such interactions and BSSE correction is highly recommended
while using similar basis functions. In the following discussions of adsorption energies, BSSE
corrected energies Eqq(cp) values are used.

All four (4,4)-BNNT-NH; complexes (1A-1D) exhibit almost constant adsorption energy
at about 4.5 kcal/mol indicating all four sites, either near the edge or at the middle of the surface,
are equally favorable. Interaction energy between ammonia and borane is 28.3 kcal/mol (BSSE
corrected) at the same level of theory, which is close to the MP2/6-31+G* value of 28.1 kcal/mol
and experimental estimate of 30.7 kcal/mol *°. Thus, a tubular and extended conjugated BN
structure reduces the binding energy significantly. The newly formed B-N bond lengths are in
the range of 1.724-1.733 A, longer than in HsN-BH; (1.682 A at B3LYP/6-31+G*, 1.668 A at
MP2/aug-cc-pVDZ *” and 1.658 A (experimental) **). Thus, the method used in the present study
seems reasonably accurate in predicting energies and structures but computationally more
efficient than expensive correlation methods.

The effect of ammonia adsorption on the BN tube structure is localized at the vicinity of
the active sites which is reflected in lengthening only the adjacent three BN bonds by about 0.5
A, i.e., change in double bond character (about 1.45 A in pristine tube) to single bonds (~1.52
A). Complexation causes slight (~3 mA) elongation of NH bonds of NH;. Based on these
energies and distances, interaction between ammonia and (4,4) tube may be considered as
weakly bound complexes. It is worth mentioning that such interactions cannot be termed
physisorption, a phenomenon normally described for weaker van der Waal interactions.

Unlike in armchair tube, ammonia adsorption at the zigzag (8,0) tube (Fig. 2) strongly
depends on the location of the B-site (see scheme I). The edge site (B1 in 2A), where acid center
is connected to two N and one H atoms, is found preferable (stabilized the 2A complex by 11.4
kcal/mol) to 2B or 2C, where B-centers are located in the middle. The binding energy of 2A is
more than double that of the armchair counterpart (1A-1D). The adsorption process is
endothermic (repulsive) by 1.4 kcal/mol for the structure 2D, where B-center near the edge is
surrounded by three N atoms. The strongest interaction between constituents in 2A 1is reflected in
the B-N(H;) distance, which is found the shortest (1.691 A) among others (1.724 — 1.789 A).
Other bond parameters removed from the functionalized site are not perturbed noticeably by
such interactions, indicating localized effect on the tube surface.

Previous studies on NHj; adsorption at the surface of similar zigzag tubes, where
adsorbate was considered in the middle of the tube surface, indicates chemisorption and the
energy of association is about 10-12 kcal/mol ** 2"* #*-?* depending on the level of theory (PBE
and PWO1, and similar double-zeta quality basis functions) and periodic models. These energies
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are higher by about 5-7 kcal/mol than the present values of about 4.5 kcal/mol (2B and 2C) as
previous energies were not corrected for BSSE which inflated the energy by about 3 kcal/mol.
Also the use of diffuse function, not considered in most previous studies, lowers the interaction
energy by about 2.0 kcal/mol (Table S1). BSSE corrected interaction energy of 5.6 kcal/mol of
(9,0)BNNT-NH; was obtained ** by using the larger 6-311G* set for BNNT and Ahlrichs TZP
for NH3 with the B3LYP-D* dispersion correction Grimme method. Thus, the method and basis
function used in the present study are highly reliable. Geometric parameters are not affected
noticeably either by BSSE correction or the use of diffuse functions (S2-S3).

Wu et al. * reported the minimum energy path (MEP) for the adsorption of NH; on the
middle of the (8,0) surface (PBC calculation) and estimated a barrier height of 2.7 kcal/mol. This
estimate was not verified by vibrational analysis (imaginary frequency for the transition state).
We could not locate transitions states for any of these reactions and guess the process may follow
a direct addition reaction without a transition state.

In summary, adsorption of ammonia depends on the location of the Lewis acid site. At
the middle of the surface, both kinds of tube display same adsorption energy. However, edge
sites make a difference in preference of adsorption. The boron atom bonded to two nitrogen
atoms and a terminating hydrogen atom of zigzag tube is preferred. However, the boron
surrounded by three N atoms near the edge of same tube is least favorable. Using DFT-based
local reactivity descriptor, Saha et al. *° reported that edge and near the edge of the (5,5) tube are
most active nucleophilic and electrophilic sites. BSSE correction and use of diffuse function
have importance in estimating interaction energy.

BNNTs-BHj;:

The interaction scenario is reversed in the BNNT-BH; complexes, where nitrogen atoms
of the tube are used as base centers, not explored earlier. Similar to acidic B-sites, all four
possible active nitrogen centers (scheme I) of the tube are used for anchoring single BHj;
molecule and the resulting complexes are shown in Fig. 3 and 4, and adsorption energies in
Table 1. The structure 3A that holds Lewis acid at the edge N1 site with an adsorption energy of
20.0 kcal/mol is found the most stable in (4,4)-BNNT-BH; complexes. The structural feature of
3A is unique in the sense that the stability is due to a B-H-B three-center two-electron (3c-2¢)
bond *° in addition to the common dative covalent N:—>B(H3) bond found in other complexes.
Such 3c-2e bonding is common in boron hydride chemistry *’. These two attractive forces bring
the two units closer to each other compared to any other complexes. For example, the pertinent
B-N bond is shortest (1.585 A) among all structures considered in this study. The BH bond,
participating in 3c-2e bond is significantly elongated from 1.194 A to 1.326 A, and the same H
of BH; is 1.361 A from the B atom adjacent to the N1 site. Such a close B-H distance is
characteristic of B-H-B 3c-2e bonds, e.g. in diborane (B,Hg), where the bridging H atom is 1.317
A far from the boron atoms. The other indicator of B-H-B 3c-2e bond is the (BHB) angle, close
to 90°, also found in the 3A complex. It may be worth mentioning that the B3LYP/6-31+G*
dimerization energy of borane to diborane is 38 kcal/mol, where two B-H-B bonds are formed.
Thus, the B-H-B bond in 3A contributes significantly.

Complexes 3B and 3C, obtained by moving BH; to the middle sites N4 and N2,
respectively, are stabilized by 8.3 and 7.2 kcal/mol. In the former isomer, the N-B(H3) distance
of 1.804 A is longer than in 3A and 3C complexes, and the standard BN single bond length. It is
quite unusual that even with such larger separation of two units, their interaction is stronger than
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any BNNT-NH; complexes where middle sites are active. Based on relevant geometric
parameters, 3C exhibits much weaker 3c-2e BHB than in 3A. In addition the longer B-N distance
than in 3A (1.629 vs 1.585) makes 3C less stable. Similar to 3B, 3D exhibits the longest N-B
bond (1.828 A) among all complexes, stabilized by about 7 kcal/mol.

Out of four possible attachment sites (N1-N4), adsorption of BH; at the edge (N1) and
near-the-edge (N4) sites of (8,0)-BNNT are equally favorable. The E,q (CP) value of about 14.5
kcal/mol is slightly more than double that of the other two isoenergetic 4C and 4D structures. Of
the two most stable structures, 4B exhibits multi-center bonding (as in 3A) in addition to
covalent N-B(H3) bond, whereas 4A is stabilized only by the latter type covalent interaction, still
both exhibit the same adsorption energy. At the two middle centers (N2 and N3), BH; adsorption
is equally favorable. So the location of the Lewis base site of (8,0)-tube has a significant role in
binding the Lewis acid.

Geometric parameters at the functionalized site of 4B slightly differ from those of 3A,
which may be the reason for the smaller adsorption energy of 4B than 3A. For example, the
relevant N-B distance in 4B is longer by 0.025 A than in 3A, the existing B-H bond of 3c-2e
interaction is less stretched in 4B than in 3A 0.011 A. These factors cause both interactions to be
weaker in 4B than in 3A, and hence lowers the adsorption energy by about 5 kcal/mol relative to
3A.

To verify the effect of tube length, a (8,0) BN-tube with 56B and 56N atoms was also
studied and BSSE corrected adsorption energies along with structures are reported in Fig. S4.
As expected, extension of the tube length from 7.2 to 13.7 A has practically no effect on the
adsorption energy either at the edge or at the middle sites. For example, E,q values at the edge
and middle sites of the longer (8,0)BNNT-NHj3 are 11.9 and 4.2 kcal/mol, respectively, and the
corresponding energies for (8,0)BNNT-BH; are 14.2 and 6.9 kcal/mol, respectively. These
values are within +/- 0.5 kcal/mol of those in the smaller 64 atom tube.

Ammonia adsorption energy decreases with the increasing diameter of the zigzag BN
tube and such energy is smallest in the BN-sheet 21,2324 The counterpoise corrected E,q values
for a larger (12,0)-BN tube (Fig, S5) follows the same trend for BHj also. The increase in
diameter of 3.3 A, from (8,0) to (12,0), lowers the BH; adsorption energy from 14.5 to 9.7
kcal/mol at the edge site, and from 6.9 to 4.4 kcal/mol at the middle site. Thus, smaller diameter
tubes most likely form stable complex with guest acids and bases.

In summary, the Lewis base character of BNNT seems stronger than the Lewis acid
character, as BH; (Lewis acid) adsorption energies are significantly higher than those of NHj3
(Lewis base). While the most favorable site for NHj3 is the edge of (8,0)-BNNTs, BH; opts for the
edge of cousin (4,4)-BNNT, which can distinguish between two kinds of tubes. Besides (4,4)-
BNNT-NHj, in all other cases both NH; and BH; prefer edge or near the edge sites. Adsorption
at the middle of the surface is energetically less favorable than the edge sites.

Deformation energies:

Since complex formation causes deformation of BNNTSs, energies of such deformation
(Eper) were calculated by subtracting the energy of BNNT unit at the respective complex
geometry from the energy of pristine tube. Similarly, Epes of NH3/BHj3 is the energy difference
between the deformed structure in the complex and the fully optimized molecule.—Such
deformation is associated with an energy rise and those are given in Table 1. Although the
structural perturbation occurs only in the vicinity of acid/base interaction site, Epes values are
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noticeable. For ammonia complexes, deformation of both tubes cost about 18-19 kcal/mol,
whereas NH; molecule is not deformed at all as indicated by its negligible deformation energies
(about 0.1 kcal/mol). In contrast, significant structural changes occur in the BH; molecule. Ep.r
of BH3 connected only through covalent bond as in 3B, 3D, 4A, 4C and 4D is 10-12 kcal/mol.
But this number is more than double when it participates in an additional 3c-2e bond with tube
(as in 3A, 3C and 4B). In contrast to NH3; complexes, tube deformation is significantly less
(about 3.5 kcal/mol) when it acts as base in BH; complexes where only a covalent dative bond is
the source of interaction. Otherwise deformation energies (19-21 kcal/mol) are almost in the
same range as noted in NH3; complexes.

The changes in NH; and BH; molecules are not surprising and can be rationalized in
terms of changing hybridization upon complexation. BH; is sp® hybridized and in complexes
accepts the electron pair from the base N site to its vacant p-orbital (perpendicular to the plane,
hybridization angle ¢=90.0, see Fig. S6) and tends toward a tetrahedral structure (¢=104.6), i.e.,
convert from sp2 to sp3 hybridization. When one of the H atoms of BH; takes part in multicenter
bonding, then additional deformation enhances the Ep.s values. In contrast, NH; already
possesses tetrahedral structure (S4, ¢=111.2) where the lone pair orbital is in the position of one
arm of tetrahedral arrangement and interacts with the acid center of the tube without changing its
hybridization (retains same ¢ angle), so there is no major change in structure except slight
elongation of NH bonds.

The ripple surface of BNNTs, where N atoms (base sites) are pulled out from the tube
surface while B atoms (acid sites) are pulled down, may be an important factor of complexation.
(It may be noted that such ripple feature of the surface is easily visible in armchair tube, but not
so obvious in zigzag tube. At first glance it may appear some N atoms are slightly below
neighboring B atoms, but rotation of the tube along the axis of the tube shows those above the
surface to the adjacent B atoms). In Figs. S7-S9, three hybridization angles of edge, middle and
near-the-edge of B and N centers of pristine and functionalized tubes are shown. Such angles at
the boron sites of pristine tubes are about 92 - 94° (S5), supporting hybridization close to sp.
Covalent bond formation with ammonia should change these angles closer to the typical
tetrahedral angle of 109.5° Indeed, all ammonia complexes exhibit closer tetrahedral angles
(~105°, Fig. S8) and it can be seen from Figs. 1 and 2 that active B atoms are pulled up while the
bonded 3 atoms of tube are pushed down. This may be the cause of larger deformation energy of
all BNNT-NH; complexes.

In pristine tubes, hybridization angles of the active N atoms are larger than those of the B
centers, where the two angles are about 4-6° higher and the third one, perpendicular to the tube
axis, is in the range of 100-106° (S5). When these N atoms act as the anchoring site, N atoms are
moved further up from their existing position. In those cases where only dative B-N bonds are
formed with incoming Lewis acid (as in 3B, 3D, 4A and 4C) angles increase by about 2-6° (Fig.
S9). Since the N atoms shift in the favorable direction and the magnitude is not large, the
deformation energy of 3-4 kcal/mol (Table 1) is small. However, in those cases where additional
attractive 3c-2e interaction involves changes in angles and pertinent bond distances deformation
energies are large. The BH; molecule, when attached to N sites, undergoes change in
hybridization from sp” to sp’ and the related change in hybridization angles (90° to about 104°,
see Fig. S6 and S9) is the indicator for such a shift. Such large deformation is manifest in Epe¢
values around 23-26 kcal/mol.
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NBO analyses:

In a previous section, the importance of pyramidal angles in the complex formation was
described. At the edges, both B and N atoms are flexible, compared to their location at the
middle. Smaller structural strain is one reason for their being more favorable acid/base sites. To
gain further insight about the Lewis acid/base character of BNNTs and their interactions with
external base/acid, natural bond orbital (NBO) analyses were performed on pristine and modified
tubes. The salient NBOs are shown in Fig. 5, along with vacant p-orbital of BH3 (B Ip*, electron
pair acceptor orbital) and donor lone pair orbital (N Ip) of NH3 shown at the top of the figure.
NBOs of (4,4) and (8,0)-BNNT, as expected, exhibit three types (B-N, B-H and N-H) of &
bonds, and representative NBOs of each case are shown in Fig. 5. The B-N © NBOs (again
representative of several such bonds) depicted in the next row of the figure, indicates a slightly
larger contribution at the N atom than the B atom, due to electronegativity difference.

A significant difference between (4,4) and (8,0) tubes occurs in the N lone pair (N Ip)
NBOs at the edge of the latter tube, which are not present in the analogous (4,4) tube. In the last
row, the antibonding NBOs are shown, where only (8,0)-BNNT exhibits Ip* at the boron atoms
located at the edge, again not present in the (4,4) tube. As expected, B makes a larger
contribution than N to the BN =n* NBOs. Such differences are inherent in the atomic
arrangements in these tubes. In the (4,4) tube, the edge contains 8 atoms, half B atoms and other
half N atoms, in alternating B and N sequence. So both edges of armchair tubes exhibit the same
atomic composition of B and N. In contrast, one edge of (8,0) or any zigzag tube contains boron
atoms (B-rich-edge as shown in scheme I) and the other edge contains all N atoms (N-rich-edge).
Such differences are a prime reason behind different chemical activities at the edges of these two
kinds of tubes.

In the complexation, interaction takes place between donor (Lewis base) and acceptor
(Lewis acid) and the strength of the interaction depends on the type of participating NBOs. In
NH;3-BNNT complexes, the donor is NH; and B sites are the acceptors. The situation reverses for
BH;-BNNT complexes, where N of the tube acts as donor and BH3 is the acceptor. The strongest
interaction between Lewis acid and base originates from lIp — Ip*, as in ammonia borane (where
the interaction energy is about 30 kcal/mol), followed by Ip — ©* then © — Ip*. Indeed, the 2A
structure of (8,0)-BNNT-NH; exhibits more than double the adsorption energy compared to 1A.
The similar interaction energies of 1A-1D can be explained on the same character of the acceptor
NBOs whether at the edge or the middle. Also, 2B and 2D are isoenergetic (E,q = ~4.5 kcal/mol)
with 1B or 1D, i.e. middle sites of the tubes. However, it is not clear from NBO interpretation
why 2D (near the edge site) behaves differently than the others.

In the BH3 complexes, BNNTs act as Lewis base, where N atoms are the donor and a
vacant p-orbital of BHj; is the acceptor. In the case of (4,4)-BNNT, BN © NBOs are involved in
the interaction, but in the (8,0) counterpart the donor is the N Ip at the edge and BN © NBOs at
other sites. Since the nature of such NBOs is similar in the armchair tube, either at edge or at the
middle, adsorption energies should be in the same range, which is indeed the case in 3B to 3D
(~7-8 kcal/mol). Assuming similar contribution in N to B covalent interaction, additional
favorable energy of total 20 kcal/mol of 3A comes from 3c-2e bond (Fig. S10-C), that is close or
may be more than 50% contribution. If that is the case, then 3C ought to exhibit higher
adsorption energy than 7 kcal/mol. In this structure, the 3c-2¢ interaction is weaker than in 3A
(based on bond distances), and the participating B atom of the tube is pulled further up above the
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surface than the adjacent N atoms, causing some destabilization to reduce the overall interaction
energy.

Complex 4A is stabilized by 15 kcal/mol which is reasonable based on the fact that the N
Ip at the edge is the donor. Except for 4B, the other two structures (4C and 4D) exhibit similar
adsorption energy, close to that of 3B-3D, due to the same reason described above. However, the
adsorption energy is significantly higher in 4B than 4C or 4D, as this structure is also involved in
a 3c-2e bond (Fig. S10-D), as in 3A.

Charge redistribution:

To estimate charge redistribution in the most stable BNNT-NH3/BHj structures, atomic
charges of BNNT and NH3/BH; were calculated using natural population method * **. In
addition, total densities of pristine tubes and guest molecules were subtracted from complexes to
generate density difference plots, which provide a clear picture of the charge redistribution in the
complexes. Such difference plots for the most stable structures are depicted in Fig. S11 (amount
of electron shifts in all cases is tabulated in S12) along with the amount of electron transfer
between host and guest.

Since ammonia is donating a lone electron pair (Ip) to a vacant p-orbital of boron of the
tubes, it is expected that charge will flow from NH;3 to BNNTSs. On the other hand in BNNT-BHj;
complexes, charge should flow in the opposite direction, i.e., BNNT will loss electron density, as
the active N atom is sharing its Ip with B of the guest. Thus, gain or loss by BNNTSs will strongly
depend on the acid-base character of the guest. Natural group charges clearly support this
concept. In 1A and 2A, the Lewis base (NH3) supplies about 0.33 e to tubes, and the magnitude
is independent on the chirality of the tube and the location of NHj3 (see table S12). The amount of
electron shift in the simplest Lewis acid-base pair (ammonia-borane) is 0.34 e. These results
suggest that the amount of electron flow to the tube may be tunable by changing base character:
stronger may add more charge to tubes.

In the case of Lewis acids (BH3 in the present case), charge should flow from tube to
guest, which is true for 4A (Fig. S11-D), where a dative covalent interaction is the origin of the
stability of the complex. The amount of electron density of 0.30 e is slightly lower than the
opposite flow in BNNT-NH;. It may be noted that this amount is due to a single guest, and in
reality BNNTs may host several of them and the cumulative value may be significant.

Interestingly, even for Lewis acid as guest, tubes may gain some electron density
provided host-guest interaction includes 3c-2e bonds between them, as in 3A where 0.11 e is
transferred to the tube (Fig. S11-C). A similar scenario is exhibited by structure 4B (Table S12,
not shown in figure), where the amount is 0.14 e. Identifying the source of such reversed trend of
electron flow in 3A and 4B complexes is complicated as two dominating factors, B-N dative
bond and (H,)B-H-B(NT) multicenter bond, are involved in the transfer process.

Let us analyze the charge redistribution in diborane to get some idea of the role of the B-
H-B 3c-2e bond in 3A and 4B redistribution. In diborane, each boron atom gains 0.5 e at the
expense of 0.2 e of each bridging hydrogen and about 0.3e from the other two hydrogens. In
structures 3A and 4B, the pertinent B atom of BNNT gains about 0.7 e and the bridging H of
BHj loses 0.2e, further supporting the similar 3c-2e bond character in these complexes. It
appears that this interaction outweighs the transfer of electron from the tube, making it an
electron acceptor.
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In summary, charge flow from or to BNNT depends on the character of the guest. A
Lewis base donates density to the tube, while a Lewis acid accepts electrons from the tube.
However, for the latter case multicenter B-H-B bond formation between the tube and Lewis acid
reverses the electron flow, making the tube negatively charged. Thus, charge redistribution may
be tunable by considering the acid/base strength of any guest molecules, and may facilitate many
second functionalization processes, as shown by Sun et al. '’ for CO, adsorption.

IR Spectra:

Experimental IR spectra *"* ** of pristine BNNTSs is dominated by two peaks, one very
strong one around 1400 cm™ (with a shoulder band (medium) around 1350 cm™) and a weak
peak around 800 cm™. These peaks are assigned as parallel and perpendicular (to the tube axis)
BN modes, respectively. Since intensity, predicted by DFT calculations, of parallel BN-modes of
both kinds of tubes are very high (8000-14000 km/mol range), theoretical spectra in figures are
truncated to 4000 km/mol for clear visibility of weaker peaks.

The parallel BN-mode appears at 1428 cm™ in pristine (4,4)-BNNT (Fig. 6A, red), while
the zigzag analogue (Fig. 6B, red) exhibits the same mode at a slightly higher frequency (1449
cm™). Both tubes also show a shoulder peak within 60-90 cm™ below the sharp and very strong
peak. The perpendicular BN-modes of both tubes were found at the same frequency of 759 cm™,
with similar intensity. Thus, theoretical frequencies of pristine tubes are in very good agreement
with experimental quantities, indicating solid reliability of the method used.

The next intense and sharp peak appears around 2500 cm™ in all spectra, in the region of
standard B-H stretching modes. For example, the B3LYP/6-31G* frequency of B-H stretching
modes of borane is 2614 cm™, which is in excellent agreement with the experimental value of
2623 cm” *). The BH stretching frequency of (4,4)-BN tube is 2526 cm’, while the
isoelectronic (8,0) tube exhibits the same mode at 2592 cm™, i.e., 66 cm™ higher than armchair
counterpart with 1.5 times weaker intensity. Thus, the BH band, in addition to the BN parallel
mode, may be used as an indicator to distinguish between the two kinds of tubes. Moreover, the
presence of hydrogen at the tips of BN tubes can be identified if a weak but sharp peak is visible
near 2500 cm™'. Indeed, some experimental spectra **** indicate the presence of a very low peak
in that region which is not assigned. Compared to the very strong BN mode, such weak peaks
may be difficult to identify or may be overlooked as noise. The intensities of the N-H stretching
vibrational modes around 3400 cm™ (Fig. 6) are even lower and unlikely to be detected
experimentally. Two other peaks in the 500-1000 cm’! region arise from BNH or NBH bending
vibrations. Intensities of these peaks are close to the BN perpendicular mode of (4,4)-BNNT.
However such peaks are less intense in (8,0)-BNNT than (4,4)-BNNT, another difference
between these two kinds of tubes.

Near perfect overlap of BN and BH peaks of all complexes (Fig. 6A-6D) with those of
pristine tubes clearly indicates adsorption of either NH; or BH; has practically no influence on
the IR spectra of BN modes. However, complexes show a few new very weak peaks which may
be useful in characterizing different adsorption sites, if those can be detected experimentally. For
example, if NH3 is adsorbed near the edge of (4,4)-BNNT, then two new pure bands at 2395 (B-
H stretching) and 1091 (NBH bending) cm™ in IR spectra of 1D can differentiate from a
structure where NHj is attached to the middle (1A) of the tube. Both modes are associated with a
H-B bond of the tube near the tips where ammonia is adsorbed. The most preferred site of NH; at
the (8,0)-BNNT surface is also at the edge (2A) and the BH bond should be red-shifted, in
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addition to a new peak around 1100 cm™, due to NBH bending. Indeed, the new peak (green in
8B) at 2474 cm™', due to pure BH stretching, is red-shifted by about 120 cm™ compared to other
B-H modes of BNNTs. Also, a new very weak peak is observed at 1109 cm™, assigned as a NBH
bending frequency.

Since most stable complexes of BNNT-BH3 (3A and 4B) possess a bridging hydrogen
between B of BNNT and B of BH3, similar to 3c-2e BHB arrangement in diborane, a significant
change in the B-H vibrational modes of adsorbent is expected. The bridging B-H bonds of B,Hg
exhibit a peak at 1663 cm™, with intensity of 470 km/mol. In both 3A and 4B, a new peak at
1664 (6C, green) and 1653 cm’ (6D, black) further support the presence of a similar bond in
BNNTs-BHj3; complexes. However, the intensities of these bands are almost half that of diborane,
which may be due to a single B-H-B 3c-2e bond in the complexes instead of two such bonds in
B,He.

XPS spectra:

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is extensively used for the characterization of pristine and chemically
modified BNNTs. The experimental binding energies of B 1s and N 1s of pristine BNNTs are
~190.0 and ~398.0 eV ***°, respectively, and these energies may be considered as standard BEs
for pristine BNNTs. Chemical modification changes these values depend on the functional
groups and how they are chemically linked to either B or N atoms at the surface.

In the simulation of XPS binding energies, core orbital energies were obtained from
natural bond orbital (NBO) analysis, and the negative of core orbital energy (Koopman’s
theorem *°) is used to estimate 1s binding energy. However, it is worth mentioning that the BEs
from theoretical simulation may differ from experimental data due to level of theory and non-
adiabatic assumption, and requires a scale factor for better correlation with experimental results.
For example, a recent theoretical study *’ of several carbon-based organic molecules proposed a
scale factor for C 1s. However, no comparable study on simulation of BNNTs, to our
knowledge, has been reported yet and to establish a scale factor for B and N 1s BEs several tubes
have to be considered in the test bed, which is not the target of the present study. Since we are
interested in the changes in BEs of B 1s and N 1s upon complexation, not the absolute values,
these energies from NBO calculations may be used comfortably.

Binding energies of B 1s and N 1s of BNNTs and NH3/BHj3 and their shifts in complexes
are summarized in Table 2. To estimate the changes in 1s orbital energy of B and N atoms of the
tubes, 1s energy of those atoms directly bonded to ammonia or borane molecules were subtracted
from the Is energy of the same atoms of the pristine tubes. Due to different chemical
environment near the tips and middle of the tubes, BEs are slightly different, as shown in the first
two rows of the table. The B Is and N 1s binding energies of ~181.5 and ~384.0 eV are
respectively lower by about 9.0 and 14.0 eV than experimental values. The dative covalent bond
formation between ammonia and borane molecules changes the BEs considerably: the B 1s
energy decreases by 2.7 eV from 182.0 eV of BHj3, while the N core orbital gains 2.5 eV from
isolated ammonia. Similar changes are expected for BNNT-NH3/BH;3 complexes if components
behave as Lewis acid and base, similar to ammonia borane.

Indeed, the change in core orbital energy of adsorbates in complexes follows the same
trends where interaction with tube solely involves N—B dative bond. For example, the
magnitude of Agg of N (NH3) Isin 1A, 1D and 2A (+2.34, +2.49 and +2.43 eV, respectively) are
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very close to +2.50 eV in ammonia borane. In 4A, where BHj is linked to one of the N atoms
near the tip of (8,0)-BNNT via a dative bond, the B 1s energy of borane is lowered from -2.70
eV to -2.44 eV. In other cases (3A and 4B), the bonding situation is different than in 4A, where
one of the B-H bonds is involved in 3c-2e bond in addition to the dative bond. This combination
of two favorable interactions seems unique and change (less than half of 4A) in the B (BH3) 1s
energy may be an indicator of such structural arrangement.

The shift of about +1.0 eV in BE 1s of active N of BNNTs (3A, 4A and 4B) is less than
half of that of N of NHj3 and such change is almost independent on the chirality of tubes and
multi-center bond formation by attached BH; molecule. On the contrary, the shifts in 1s energy
of B of BNNTs in 1A, 1D and in 2A complexes are negligible and can be in either positive or
negative direction, depending on the position of active N atom. If the adsorption site is at the tips
(B of the tube is attached to a hydrogen and two nitrogen atoms), BE is lowered by 0.04 in 1D
and 0.23 in 2A tubes, otherwise the shift is positive (+0.31 eV in 1A). Such changes may be
generalized as shift in 2B (+0.30 eV) and 2C (+0.32 eV) (not shown), where NHj3 is bonded to B
atom at the middle, also follows the same trends.

NMR data:

We also calculated NMR spectra, which is equally useful as other analytical tools in the
characterization of a wide range of compounds and materials. However, NMR studies on BNNTs
are meager and our present findings may elevate the importance and interest of using such
analytical tools for understanding structures of chemically modified BNNTs. In Table 3,
calculated values of isotropic shielding constant (cis,) of ''B and "N of tubes and guest
molecules, and their chemical shifts (3) upon complexation are summarized.

Since both B and N atoms of the tubes are in different chemical environments (at the tips
and at the middle of the surface), they are expected to experience different shielding. Tabulated
data indeed show differences in cj, of 1B and >N of tubes. In the present context, we are more
interested in chemical shifts, in reference to pristine tube and guest molecules that may be
observable in experimental NMR spectra. As in XPS spectra, the & values of atoms of BNNTs
directly involved in dative bond with guest molecules are presented in the table.

Our reference molecule H3N-BHj3 exhibits a significant downfield shift of 103 ppm in
8 of ''B, while that of "N showed opposite sign and one-fourth its magnitude. Such a large shift
in ''B is found in several boron compounds **. These changes in & values are due to change in
sp” to sp” hybridization of B and change from tri-coordination to tetra-coordination of N atom in
ammonia borane. Changes in chemical shifts in complexes are expected to follow similar trends,
but their magnitude in BN tubes may vary because of different chemical environments.

Indeed, ammonia-BNNT complexes (1A, 1D and 2A) follow the same trend, but the
magnitude of chemical shift of 5N is close to double that of H;N-BHj3;. Changes in chemical shift
of ''B of BH; are in the range of 26-35 ppm, about 3.5 times smaller than ammonia-borane.
When BHj is adsorbed at the surface of BNNTSs, almost no change is found in the chemical shift
of 'B. But the active nitrogen of 3A, 4A and 4B shows a down-shift in 0, i.e., a reverse trend
compared to NH;. The magnitude of such a shift strongly depends on whether a 3c-2e bond is
present. In absence of such a bond as in 4A, 6 of N is +24 ppm, but it increases to +81 ppm in
3A and to +90 ppm in 4B, where a B-H-B 3c-2e bond is present.

The chemical shift of the bridging hydrogen of B-H-B 3c-2e bond in 3A and 3B may
provide some additional data for identification. In the case of diborane, 6 of the bridging proton
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is +9 ppm in reference to BH;. Complexes 3A and 4B also exhibit similar values (about +7 ppm)
in support of such bonds.

In summary, Lewis acid-base complex formation between BNNTs and NH3/BHj causes
significant changes in XPS spectra and chemical shift of atoms directly involved in such
interactions. Such changes may be valuable in characterization of complex structures.

Interactions with other acids:

Results from the above sections clearly indicate BNNTSs can act as Lewis base as well as
acid, and the strength of the interaction varies from 3-20 kcal/mol depending on the location of
the acid/base centers on the tube and chirality of the tube. Natural curiosity arises as to how such
interactions might change with other guest acids and bases. In order to examine such effects,
neutral AlH;, BF3;, BCl;, BH,CHj; and an ionic CH;  were allowed to interact at the edge (e) and
middle (m) base sites of BNNTSs, as these two sites were found most active. Geometries were
fully optimized at the B3LYP/6-31+G* level and interaction energies were again corrected for
basis set superposition errors. Optimized geometries of the most stable neutral acid-BNNT
adducts are summarized in Fig. 7 and other less stable structures in Fig. S13-S16. For the sake of
comparison, results from the interaction of these acids with NHj are also shown in all figures.
Table 4 displays counterpoise corrected interaction energies of this series of adducts, and the
effect of BSSE on such energies (1-3 kcal/mol) can be obtained from Table S17.

Replacing BH3; by AlHj3; seems to have little effect on the interaction energies at both
interaction sites (edge and middle) in both kind of tubes. For example, when attached at the edge
N-site, complexation energies are 20.0 kcal/mol for BH3 and 19.0 for AlH;. Similarly, interaction
energies at other sites are also comparable. Like BH3;-NH3, the interaction between AlH; with
ammonia is also slightly stronger (26.0 kcal/mol) than the most stable (4,4)-BN-AlHs(e)
structure. Similar to (4,4)BNNT-BHj3 (3A), the most stable (4,4)-BN-AlH;(e) also exhibits a 3c-
2e Al-H-B(NT) bond which is responsible for added stability in comparison to other structures.
The AI-N(NT) distances, except for the most stable structure, are slightly longer than in simpler
complex structures. From the energetic perspective, AIH; prefers the edge site of both tubes over
the middle site, and the preference for the (4,4) tube is slightly greater (by 4.0 kcal/mol) than in
the (8,0) tube. In (4,4)-BN-AlH;(e), AlH; donates 0.48 e to the tube and this amount is more
than four times that in BH; complex (3A). Similar to BHs, AlH;3 in other locations accepts
electrons from the tube (Fig. 7 and S13) but in lesser amounts.

BF; on the edge of (8,0)-BNNT(e) forms a stable complex with an interaction energy of
6.9 kcal/mol (Fig. 7), whereas all other structures exhibit an adsorption energy of aboutl.0
kcal/mol or less (Fig. S14). Exchange of all F atoms by CI makes structures unstable by 2-14
kcal/mol (Fig. S15) except (8,0)BN-BCl; (e) (Fig. 7) where the interaction is weaker than BF; by
2.3 kcal/mol. Thus, the presence of electron rich and highly electronegative groups in guest BR3
acid hinders the base character of BNNTSs. This may be due to steric effect and strong repulsion
between electron-rich F and N of tubes that outweigh the attractive covalent interaction. Electron
transfer from the tube in the stable adducts of BF; and BCl; follows the same trend as in BHj.

Substitution of a hydrogen of BHj by electron-donating methyl group causes favorable
interaction at the edge only. Placing BH,CH; at the middle of the tube did not result in an
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optimized structure for either sort of tube. The most stable (8,0)BN-BH,CHj3(e) structure (Fig. 7)
is stabilized by 6.2 kcal/mol. Thus, derivatives of borane form a weaker complex with BNNTs,
and are selectively attached to the edges of the (8,0)BN tube. About 0.29 e flows from tube to the
adsorbate in the most stable structure.

Strongest interactions with BNNTs are found with ionic acid group. In Fig. 8, results of
BNNTs-CH;" are summarized along with structure and complexation energy between NH; and
CH;". Whether with ammonia or BNNTs, the interaction energy is more than 100 kcal/mol,
irrespective of tube chirality or the adsorption sites. The strongest interaction (114 kcal/mol) is
found in (8,0)BN-CH;" (e). This quantity surpasses the interaction between ammonia and methyl
ion by about 4 kcal/mol. In all complexes, the cation is partially neutralized by the transfer of
about 0.7 e from the tube.

In summary, Lewis acids containing a metal atom may form a stronger adduct with
BNNTs and would prefer the edge over middle sites; however, the latter sites are also favorable.
Ionic acids most likely form strongly bonded complexes in any site and independent of chirality
of the BN-tube. Electron-rich acids may selectively attach to the edge of zigzag BNNTSs, rather
than analogous armchair BN tubes. This may be due to dominating electrostatic repulsion
between electron-rich guest acids and electron-rich nitrogen atoms of BN-tubes.

Interactions with other bases:

Although there has been active research on amine-functionalized BNNTSs for several
years '*2* ¥3% the location of the amine group at the surface of each tube is still not known.
Since previous theoretical investigations used periodic boundary condition (PBC) model by
considering amine groups at the middle of the tube surface, the interaction at the edge of the tube
remains unexplored. In the present study, we found the preference of NH; depends on the
location of acidic B-sites as well as the chirality of the BN-tube. To strengthen our findings, we
added results of methyl-amine (CH3NH,) interacting on the surface of the tube. Same strategies
of active acid B-sites and methods, as described for ammonia cases, were employed here.
Optimized geometries, interaction energies, along with charge transfer between host-guest, are
summarized in Fig. 9 and energetic information is listed in Table 4.

Similar to NH3-(4,4) BNNT, methylamine has little preference for edge vs middle site;
complexation energy of about 6.6 kcal/mol is higher by about 2 kcal/mol than in ammonia
complexes (Fig. 1). Also, the amine group prefers (8,0)BN tube over its related armchair tube,
and adsorption at the edge stabilizes the complex by 11.5 kcal/mol, the same as that of ammonia
complex 2A. The middle site of both tubes accommodates the amine at the same energy (about 7
kcal/mol). Although the reaction between borane with methylamine stabilized the complex by
32.4 kcal/mol, the amount of electron transfer from amine to tube (~0.33 e) is the same for all
cases. In all cases, tubes gain about 0.3 e from the base and this quantity is independent of the
strength of interaction.

The next amino functional groups considered is NH;COOH and results are summarized
in Fig. 10 and in Table 4. None of the stable complexes show N—B dative covalent bond as in
all other cases discussed above. The most stable (8,0)-NH,COOH (e) and (4,4)-NH,COOH (e)
exhibit O--H-N(NT) and N-H--N(NT) hydrogen bonds. The former structure is stabilized by 7.8
kcal/mol, whereas the interaction energy in the latter armchair structure is almost half that. It
may be noted that the same N atoms of tube participate in those H-bonds. Other structures, where
a single O-H--N(NT) bond is the means of interaction at the middle of the tube surface, is
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stabilized by about 2-3 kcal/mol. When the single NH bond of NH,COOH is linked to N of the
tube, the H-bond energy reduces to 0.9 kcal/mol. Stronger H-bonds are associated with shorter
distance - this rule is also obeyed in the present cases. These results are in accordance with
standard H-bond theory *°. Amino acids contain both NH, and COOH groups and are expected to
undergo similar H-bond formation at the surface of BNNTs, where N atoms of tube act as proton
acceptor. Nitrogen atoms at the edge may show dual character — proton donor as well as proton
acceptor. Recently, sensitivity of BNNTs towards aromatic amino acids has been reported by
Mukhopadhyay et al. >* who found a polar biomolecule interacts more strongly at the surface of
the tube than non-polar molecules.

Conclusions:

Lewis acid and base character of single-wall boron nitride nanotubes and the
fundamentals of interactions (such as interaction energy, charge redistribution and their IR,
NMR, XPS spectral characterizations) with different guest acids and bases at the N and B sites of
BNNTs have been explored using DFT theory. Due to the examination of electron-rich N atoms,
inclusion of diffuse sp functions (such as 6-31+G* basis set) seems appropriate for the
description of such interactions. Results from this study recommend considering counterpoise
correction (due to basis set superposition error) to interaction energies. However, no significant
changes have been noted in geometric parameters due to such corrections.

The strength of these interactions depends on the locations of the acidic and basic sites of
the BN-tubes and also on the chirality of the tubes. Furthermore, the character of the adsorbates
also plays a significant role in selecting sites of the tube. For example, interaction with ionic
CH;" acid is very strong (more than 100 kcal/mol), and imparts positive charge to the tube.
While NH; prefers zigzag over armchair tube, BH;3 opts for both with slight preference for the
latter kind of tube. The presence of electron-rich elements in guest acids (such as BF; and BCl,),
weakens the interaction from 15-20 kcal/mol in BH;3 to a few kcal/mol, due to electrostatic
repulsion between F or CI atoms with N atoms of tube. Preference and strength of interaction
between AlH; and BNNT followed the same trends as found in BH3, which indicates guest acid
with a metal atom will interact strongly with the tube

In general, BNNT tubes donate electrons to acids while a reverse trend follows for
interacting bases. Some of the adducts gained extra stability due to the formation of 3c-2e bonds
with BH3 and AlH3, which reversed the electron flow making tubes negatively charged. In all
cases studied, covalent B-N bond formation is responsible for the stability of the complex, in
addition to multi-center bonding with electron-deficient BH; and AlH;. However, when the guest
molecule contains both amine and carboxylic groups, as in NH,COOH, hydrogen bonding plays
a significant role in stability of the resulting complexes.

In most complexes, edge sites are found more favorable than middle sites, both for guest
acids or bases. Such preference for edge sites can be rationalized from NBO analyses and
geometric parameters, such as tetrahedral angles of active sites. Since modeling edge
functionalization is not possible in periodic boundary approach, alternate molecular models are
the only alternative to study such interactions.

IR spectra of ammonia-BNNTs and borane-BNNTs exhibit some new characteristic
features that can be used to identify complexation and to some extent location of reacting acid
and base. However, such characteristic peaks are extremely weak compared to the B-N modes,
and may need special techniques to observe them. Simulation of XPS and NMR spectra of the
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complexes revealed significant changes from the pristine tube as well as the guest acids or base,
and should be observable in experimental spectra.

These findings may help in selective functionalization of smaller diameter BNNTSs using
a wide range of compounds, having acidic or basic centers or both. Since edges are more active,
BNNT has potential application as AFM tips, besides complex formations that may have other
applications such as (bio)sensors and composite materials. The zigzag tube has another
advantage over armchair tube because it contains B-rich and N-rich tips (scheme I) which may
be utilized simultaneously as acid-base centers.
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Figure Captions:

Fig. 1. BSSE corrected B3LYP/6-31+G* optimized structures of (4, 4)-BNNT-NHj;. Blue,
yellow and grey colors represent N, B and H atoms, respectively. Bond lengths are in A. Where
BN bond distances are same in the vicinity of the active site, only one of those distances is
shown.

Fig. 2. BSSE corrected B3LYP/6-31+G* optimized structures of (8, 0)-BNNT-NH;. Blue,
yellow and grey colors represent N, B and H atoms, respectively. Bond lengths are in A. Where
BN bond distances are same in the vicinity of the active site, only one of those distances is
shown.

Fig. 3. BSSE corrected B3LYP/6-31+G* optimized structures of (4, 4)-BNNT-BH;. Blue,
yellow and grey colors represent N, B and H atoms, respectively. Bond lengths are in A. Where
BN bond distances are same in the vicinity of the active site, only one of those distances is
shown.

Fig. 4. BSSE corrected B3LYP/6-31+G* optimized structures of (8,0)-BNNT-BHj3. Blue, yellow
and grey colors represent N, B and H atoms, respectively. Bond lengths are in A. Where BN
bond distances are same in the vicinity of the active site, only one of those distances is shown.

Fig. 5. Natural bond orbitals (NBO) of pristine BNNTSs and lone pair of NH3 and vacant 1 NBO
of BH3. Ip stands for lone pair, and * indicates antibonding/vacant NBOs.

Fig. 6. IR spectra of most stable BNNT-NH3/BH;. Lorentzian broadening with fwhm of 20 cm ™'
was applied to each spectrum.

Fig. 7. B3LYP/6-31+G* optimized structures of H3;N-AlH3/BF3/BCly/BH,CH; and
corresponding BNNT-AIH3/BF3/BCl3;/BH,CHj3. Bond lengths are in A and angles are in degree. e
and m stand for edge and middle adsorption sites of the tube, respectively. BSSE corrected
adsorption energies (in kcal/mol) are given in bold and a positive value indicates attractive
interaction between two units, otherwise interaction is repulsive. Most stable structures are show
in this figure and other structures are given in Fig. S13-S16. Electron transfer from or to BNNTs
are shown by arrow with number of electron.

Fig. 8. B3LYP/6-31+G* optimized structures of HsN-CH;" and BNNT-CH;". Bond lengths are
in A and angles are in degree. e and m stand for edge and middle adsorption sites of the tube,
respectively. BSSE corrected adsorption energies (in kcal/mol) are given in bold and a positive
value indicates attractive interaction among between two units. Electron transfer from or to
BNNTs are shown by arrow with number of electron.

Fig. 9. B3LYP/6-31+G* optimized structures of H;B-NH,CH; and BN-NH,CH3;. Bond lengths
are in A and angles are in degree. e and m stand for edge and middle adsorption sites of the tube,
respectively. BSSE corrected adsorption energies (in kcal/mol) are given in bold and a positive
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value indicates attractive interaction among between two units, otherwise interaction is repulsive.
Electron transfer from or to BNNTs are shown by arrow with number of electron.

Fig. 10. B3LYP/6-31+G* optimized structures of BN-NH,COOH. Bond lengths are in A and
angles are in degree. BSSE corrected adsorption energies (in kcal/mol) are given in bold and a
positive value indicates attractive interaction among between two units, otherwise interaction is
repulsive

Supporting Information:

Effect of basis sets on adsorption energies (S1) and geometric parameters (S2-S3), effect of tube
length and diameter (S4, S5), hybridization angles (S6-S9), NBOs of complexes (S10), density
difference plots and electron shift from/to BNNTs (S11, S12), optimized structures, electron
flow from/to BNNTs and adsorption energies of other acids (AIH3, BF;, BCl; and BH,CH; (S13-
S17).
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Table 1. B3LYP/6-31+G* adsorption energies (E,q), BSSE corrected adsorption energies
(Eadaccp)) and deformation energies (Eper) of BNNT-NH3; and BNNT-BH3 (see Figs. 1-4 for
structures). All energies are in kcal/mol.

Ead Ead(CP) EDcf EDcf
BN tube | NH3/BH;

(4,4)-BNNT-NH,;

1A 7.58 4.58 18.80 0.09

1B 7.64 4.84 18.83 0.09

1C 7.49 4.49 18.20 0.08

1D 7.20 4.60 18.88 0.08
(8,0)-BNNT-NH,;

2A 14.03 11.44 19.46 0.09

2B 7.68 4.72 19.43 0.10

2C 7.28 4.28 19.54 0.13

2D 1.29 -1.43 16.59 0.06
(4,4)-BNNT-BH,

3A 21.05 19.96 21.06 26.84

3B 9.28 8.28 3.68 11.01

3C 8.39 7.19 17.12 22.85

3D 7.85 6.78 3.04 10.44
(8,0)-BNNT-BH;,

4A 15.80 14.69 3.74 12.08

4B 15.53 14.47 19.24 25.30

4C 8.04 6.99 3.30 11.16

4D 7.71 6.59 3.29 12.01




Table 2. Binding energies (BE, in eV) of 1s core electron of B and N atoms and their changes
(Agg in eV) in ammonia-borane and complexes with respect to NH3/BH; and pristine tube.

Physical Chemistry Chemical Physics

System BE BE
(4,4)-BNNT 181.5-181.9 384.5 - 383.3
(8,0)-BNNT 181.53 —181.8 383.32- 384.5
BH; / NH; 182.0 385.6
ABE (B IS) ABE (N IS)
H;B-NH; -2.70 +2.50
B(BNNT) N(NH;)
1A (4,4)-BNNT-NH; +0.31 +2.34
1D (4,4)-BNNT-NH; -0.04 +2.49
2A (8,0)-BNNT-NH; -0.23 +2.43
B(BH;) N(BNNT)
3A (4,4)-BNNT-BH; -1.08 +1.04
4A (8,0)-BNNT-BH; -2.44 +1.01
4B (8,0)-BNNT-BH; _1.09 +0.97

Table 3. Chemical isotropic
and their chemical Shift (9,

and pristine tubes).

shielding (ois, in ppm) of B and N atoms of BNNTs and NH3/BHj3,
in ppm) in H3;B-NHj3 and complexes (relative to isolated NH3/BHj;

SyStem Giso Giso
(4,4)-BNNT 79.96 — 83.8 134.2 -146.0
(8,0)-BNNT 75.73 - 84.4 109.54 - 168.6
BH; / NH; 27.69 254.98
S llB S 15N
H;B-NH; +103 -24
B(BNNT) N(NH3)
1A (4,4)-BNNT-NH; +26 -47
1D (4,4)-BNNT-NH; +33 44
2A (8,0)-BNNT-NH; +35 -39
B(BH;) N(BNNT)
3A (4,4)-BNNT-BH; +103 +81
4A (8,0)-BNNT-BH; +95 124
4B (8,0)-BNNT-BH; +101 +90
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Table 4. BSSE corrected B3LYP/6-31+G™ adsorption energies (Eaqcp)). € and m stand for the
edge and middle site of the tube, respectively. All energies are in kcal/mol, and positive value
means attractive interaction, otherwise repulsive. Structures are shown in Figs. 7-10 and S13-

S16.

BNNT as Lewis Base (LB) NH; as LB

(4.4) (8,0)
Lewis acids Ead(CP) Ead(CP) Ead(CP)
BH; (e) 20.0 (3A) | 14.7 (4A) 28.3
BH; (m) 83(3B) |7.0(4C)
AlHj; (e) 19.0 15.1 26.0
AlH3 (m) 8.9 8.1
BF; (e) 1.0 6.9 20.7
BF; (m) 1.1 0.6
BCl; (e) -2.4 4.6 21.2
BCl; (m) -13.1 -14.4
BH,CHj3 (e) 1.4 6.2 21.3
CH; (e) 109.2 113.8 109.8
CH;' (m) 110.6 107.3
Lewis bases BNNT as Lewis Acid (LA) BHj as LA
NH; (e) 4.6 11.4 28.3
NHj; (m) 4.6 4.7
NH,CHj3; (e) 6.6 11.5 32.4
NH,CHj3 (m) 6.7 7.1
NH,COOH 12.2
H-Bond
NH,COOH (e) 4.1 7.8 11.2
NH,;COOH (m) 2.8 2.0
NH,COOH (ml) 0.9
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Scheme 1. B3LYP/6-31+G* (counter-poise corrected) structures and geometric parameters (in
A). Possible Lewis acid centers (B1-B4) and Lewis base centers (N1-N4) of both tubes are
shown, where B1 and N1 centers are at the edge, B4/N4 is near the edge and rest are at the
middle of the tube surface. The difference between edge and near-edge is the environment; in the
former B/N is bonded to two N atoms and one terminating H atom, while later centers are
surrounded to three N or B atoms.
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Fig. 1. BSSE corrected B3LYP/6-31+G* optimized structures of (4, 4)-BNNT-NH;. Blue,
yellow and grey colors represent N, B and H atoms, respectively. Bond lengths are in A. Where
BN bond distances are same in the vicinity of the active site, only one of those distances is
shown.
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Fig. 2. BSSE corrected B3LYP/6-31+G* optimized structures of (8, 0)-BNNT-NH;. Blue,
yellow and grey colors represent N, B and H atoms, respectively. Bond lengths are in A. Where
BN bond distances are same in the vicinity of the active site, only one of those distances is

shown.
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Fig. 3. BSSE corrected B3LYP/6-31+G* optimized structures of (4, 4)-BNNT-BHj. Blue,
yellow and grey colors represent N, B and H atoms, respectively. Bond lengths are in A. Where
BN bond distances are same in the vicinity of the active site, only one of those distances is
shown.
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Fig. 4. BSSE corrected B3LYP/6-31+G* optimized structures of (8,0)-BNNT-BHj3. Blue, yellow
and grey colors represent N, B and H atoms, respectively. Bond lengths are in A. Where BN
bond distances are same in the vicinity of the active site, only one of those distances is shown.
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Fig. 5. Natural bond orbitals (NBO) of pristine BNNTSs and lone pair of NH; and vacant 1 NBO
of BH3. Ip stands for lone pair, and * indicates antibonding/vacant NBOs.
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Fig. 6. IR spectra of most stable BNNT-NH3/BH3. Lorentzian broadening with fwhm of 20 cm™
was applied to each spectrum.
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Fig. 7. B3LYP/6-31+G* optimized structures of H3;N-AlH3/BFs/BCls/BH,CH; and
corresponding BNNT-AIH3/BF3/BCl;/BH,CHj3. Bond lengths are in A and angles are in degree. e
and m stand for edge and middle adsorption sites of the tube, respectively. BSSE corrected
adsorption energies (in kcal/mol) are given in bold and a positive value indicates attractive
interaction between two units, otherwise interaction is repulsive. Most stable structures are show
in this figure and other structures are given in Figure S9-S12. Electron transfer from or to
BNNTs are shown by arrow with number of electron.
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Fig. 8. B3LYP/6-31+G* optimized structures of H;N-CH;" and BNNT-CH3". Bond lengths are
in A and angles are in degree. e and m stand for edge and middle adsorption sites of the tube,
respectively. BSSE corrected adsorption energies (in kcal/mol) are given in bold and a positive
value indicates attractive interaction among between two units. Electron transfer from or to
BNNTs are shown by arrow with number of electron.



Page 35 of 36

NH,CH,

Physical Chemistry Chemical Physics

(4,4)BN-NH,CH, (¢) 6.6

1022 2 0.33e
104.611.695
1.208 109.6

l

2
1533 5
-
1.454
9
448\1.455
a—
>
o—

(8,0)BN-NH,CH, (e) 11.5

(4,4)BN-NH,CH, (e) 6.7

1925 1033e
1.706104.8
1.509 1\03.4
S 1533 =
P 9
1.453
>— J
1.450/1.449
>— ¥
— 9

(8,0)BN-NH,CH, (m) 7.1

Fig. 9. B3LYP/6-31+G* optimized structures of H3B-NH,CH3; and BN-NH,CH3. Bond lengths
are in A and angles are in degree. e and m stand for edge and middle adsorption sites of the tube,
respectively. BSSE corrected adsorption energies (in kcal/mol) are given in bold and a positive
value indicates attractive interaction among between two units, otherwise interaction is repulsive.
Electron transfer from or to BNNTSs are shown by arrow with number of electron.
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Fig. 10. B3LYP/6-31+G* optimized structures of BN-NH,COOH. Bond lengths are in A and
angles are in degree. BSSE corrected adsorption energies (in kcal/mol) are given in bold and a
positive value indicates attractive interaction among between two units, otherwise interaction is
repulsive



