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Abstract: We have investigated properties of chemically modified boron nitride nanotubes (BNNTSs) with
NH; and four other amino functional groups (NH.CHs, NH,CH,OCHs;, NH,CH,COOH, and NH,COOH) on
the basis of density functional theory calculations. Unlike the case of carbon nanotubes, we found that
NH; can be chemically adsorbed on top of the boron atom, with a charge transfer from NH; to the BNNT.
The minimum-energy path calculation shows that a small energy barrier is encountered during the adsorption.
Similarly, a small energy barrier (about 0.42 eV) is also involved in the desorption, suggesting that both
adsorption and desorption can be realized even at room temperature. For chemically modified BNNTs
with various amino functional groups, the adsorption energies are typically less than that of NH; on the
BNNT. The trend of adsorption-energy change can be correlated with the trend of relative electron-
withdrawing or -donating capability of the amino functional groups. Overall, the chemical modification of
BNNTs with the amino groups results in little changes in the electronic properties of BNNTs. However, the
chemical reactivity of the BNNTs can be enhanced by the chemical modification with the amino group
containing —COOH.

Introduction of the sidewall and the tip of CNTs? as well as noncovalent
functionalization of the sidewalP~11 Upon covalent function-
alization, previous experiments have shown that the CNTs can
be functionalized by using carboxylic aé#l or fluorine?
followed by subsequent derivatization reactions with other
functional groups, such as thionyl chloriéié¢ alkyllithium,*
nitrenes} aminel26 diazonium reagents,and azomethine
ylides® Upon noncovalent functionalization, CNTs can be
coated with conjugated organic molecifesr biomolecule¥t
throughs-stacking interaction. On the theoretical side, chemical
functionalization of the CNTs with several molecular functional
groups has also been studied, from which insights into the CNT/

It is known that nanotubes tend to clump together into bundles
due to intertube dispersion interactions. This tendency of tube
association posts a hindrance for further purifying and processing
of nanotubular materials. Chemical functionalization of nano-
tubes offers an effective route to enhance solubility of nanotubes
in solvent, thereby deterring nanotubes from association. In
addition to solubility enhancement, chemical functionalization
through either covalent sidewall or noncovalent exohedral/
endohedral functionalization can further expand potential ap-
plications of nanotubes when coupled with functionalities of
the addends, for example in developing nanotube-based elec-
tronic devices, precursors, and sensors. Until now, much ) -
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addend interaction as well as the electronic properties modified
by the addends have been attaifgd? The advances in both
experiments and theories have prompted development of CNT-
based polymeric compositions and biological sensors.

Similar to the CNTs, boroanitride nanotubes (BNNTSs) also
possess many unique properties. In particular, BNNTs are
semiconductors with a wide band gap.5 eV) that is weakly
dependent on the tube diameter, helicity, and the number of
walls15-18 Compared with the CNTs, BNNTs not only have
high thermal conductivity but also high oxidation resistivity as
well as high thermal and chemical stabiliy;2 which render
BNNTSs a promising tubular material for developing nanotube-
based electronic devices in certain hazardous and high-temper
ature environments. However, the tendency of tube association
into bundles coupled with the insolubility of BNNTs in water
and many other organic solvents has been a challenge for the
applications of BNNTSs as effective electronic devices or sensors.
Recently, some experimental efforts have been made toward
making soluble BNNTSs through sidewall functionalizatf@n?*

Xie et al. were the first to report the development of soluble

(d) -0.071 eV (€)-0.031eV  (f)-0.019 eV
BNNTSs via functionalization of the tubes with amine-terminated Figure 1. Optimized structures of (a) pristine BNNT, and-® NHa-

modified BNNT with the adsorption energy given underneath. Various

oligomeric poly(ethylene glycoP? These researchers proposed adsorption sites and NFbrientations were examined.

a funcationalization mechanism based on interactions of amino
functional groups with the boron atoms of the sidewall. Zhi et gNNTSs, or on the chemical/physical nature of addend/BNNT
al. synthesized stearoyl chloride-functionalized BNNTSs through jnieractions. In this paper, we report the first ab initio density-
the interaction of COCI group of stearoyl chloride and amino ¢,nctional theory (DFT) study of BNNTSs functionalized with
groups on the sidewall of BNNT$.The functionalized BNNTS N and four other amino functional groups, NEHz, NHy-
are shown to be soluble in many organic solvents. These cp,cOOH, NHCH,OCHs, and NRCOOH. We found that,
researchers pointed out that the band structures of the BNNTS;jthough the adsorption energies can be dependent on the type
may be changed due to the functionalization. of the functional groups, the chemically modified BNNTSs are
Compared with the experimental progress, to our knowledge, 4| semiconductors with band gaps similar to those of pristine
no prior theoretical investigations have been reported for the gNNTs and that the electronic properties of BNNTs are
effect of chemical modification on the electronic properties of generally preserved even with the chemical modification using
NH3 or amino functional groups.
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Figure 2. Calculated MEP for the chemical adsorption process of NI BNNT.

bond length of 1.46 A, but not in parallel with the tube axis. stemming from the van der Waals attraction. Note that DFT
The charge analysis using the Hirshfeld method indicates thatwith GGA is not capable of describing physisorption. Thus, the
about 0.2%e charges are transferred from the boron atom to its calculated adsorption energy in the case of physisorption is only
neighboring nitrogen atoms within the sidewall, that is, theNB qualitative. The distance between the nitrogen of;MiHd the
bonds of the sidewall are partially iord&.Initially, a NHg nearest boron or nitrogen site of BNNT ranges from 2.7 to 3.9
molecule was placed on top of a sidewall boron or nitrogen A, which is appreciably longer than that in the most stable
atom. Full geometrical optimization was then performed with configuration (Figure 1b). In general, the distance between the
several different orientations of the Nhholecule. Structures  nitrogen of NH and the BNNT sidewall is somewhat shorter
b—f of Figure 1 display a side view of several stable (local- if the NHz molecule is on top of the boron site rather than on
minimum) configurations of the Nfmolecule on the BNNT. nitrogen site. When Nkiis physisorbed on the BNNT, no local
The NH; molecule can be adsorbed with two primary orienta- structural deformation is observed on the sidewall of BNNT.
tions with respect to the sidewall surface: (1) the hydrogen As such, the NH molecule can be easily removed from the
atoms are nearest to the surface, or (2) the nitrogen atom issidewall of BNNT at room temperature.
nearest to the surface. The most stable configuration (Figure As shown in Figure 1b, the NHmolecule can be only
1b) is such that the nitrogen atom of Wi nearest to a sidewall ~ chemically adsorbed on the sidewall of BNNT through the
boron atom with the distance between about 1.71 A. At the formation of a covalent BN bond with a sidewall boron atoff.
most stable configuration, the adsorption energy %45 eV, To further understand this chemical adsorption (or chemical
indicating that the adsorption process is chemical in nature functionalization) process, we computed the minimum-energy
although the formed BN bond is not as strong as those within  path (MEP) for the adsorption reaction using the nudged elastic
the BNNT. The negative value of the adsorption energy denotesband (NEB) method? In essence, the NEB method starts by
exothermic adsorption. A locally structural deformation at the inserting a series of image structures between the initial and
adsorption site can be observed due to the adsorption of thefinial state of the reaction. Meanwhile, a fictitious spring force
NH3; molecule (Figure 1b), where the sidewall boron atom is is introduced between all nearest-neighbor image structures. By
slightly pulled out of the surface and the corresponding three optimizing these image structures simultaneously, the MEP of
B—N bonds within the side wall (with bond length about 1.50, the reaction can be obtained since the real force on the image
1.53, and 1.53 A, respectively) are thus slightly elongated. This structures has a zero projection in the direction normal to the
structural deformation can be attributed to the change in the MEP. Here, we chose a weak physisorption configuration as
local hybridization of the boron atom from %t sp orbital, the initial state (IS) and the chemisorption configuration as the
as the boron atom is bonded with the NiMolecule. finial state (FS). In the initial state, the distance between nitrogen
For other stable (local-minimum) configurations (Figure-1c ~ of the NH; molecule and the BNNT sidewall is 4.2 A. To
f), the NHs molecule is onlyphysically(rather than chemically)  achieve sufficient accuracy for the MEP, 20 image structures
adsorbed on the sidewall of BNNT with much weaker adsorption are inserted between the initial and finial state.
energy which ranges from a few tens to hundreds meV,

(29) Henkelman, G.; &son, HJ. Chem. Phys200Q 113 9978. Olsen, R. A;;
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(28) Hirshfeld, F. L.Theor. Chim. Acta BL977, 44, 129. 2004 121, 9776.
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Figure 3. Band structures, density of states (DOS), and contour of total electronic density (in color) of (a) the pristine BNNT anghtimdifiéd BNNT.

The Fermi level is plotted with black dotted line. The projected DOS of Mhplotted with red dashed line in (b). (c) Contour plot of electronic deformation
density of NH-modified BNNT. The contour plots are only shown for two opposing rows of sidewall atoms, in which one of the boron atoms is bonded
with the nitrogen of NH molecule.

Figure 2 displays a schematic representation of the calculatedchemical adsorption, the-B\ bonds within the sidewall are
MEP for the entire reaction process. The zero energy corre- slightly weakened. However, the electronic properties of the
sponds to completely separated NiHolecule from the BNNT BNNT are little changed upon the chemical adsorption as shown
(two species are infinitely apart). The transition state and by the band structures as well as the DOS of;Mibdified
intermediate (stable) state are labeled as TS and MS, separatehBNNT (Figure 3b). In particular, the band gap and the band
Clearly, as shown in Figure 2, when moving toward the BNNT, structures near the Fermi level are nearly unchanged upon the
the NH; molecule has to overcome a small energy barrier of chemical modification, except that the band-structure symmetry
~0.1 eV before being chemically adsorbed on the BNNT of the pristine BNNT is broken. In summary, the chemically
sidewall. In light of the small barrier to the adsorption, it is modified BNNT is still a semiconductor with a wide band gap.
expected that the adsorption of BEln be achieved quite easily Moreover, the total DOS and projected DOS of the JNH

even at room temperature. Conversely, to remove; kibm molecule (red dashed line in Figure 3b) show that the electronic
the BNNT sidewall, a small energy barriere0.42 eV should states contributed from the NHnolecule are far away from

be overcome. Thus, it is also expected that thextddified the Fermi level. This result is consistent with the above
BNNT can be repurified quite easily at room temperature. conclusion that the electronic properties of the BNNT are largely

Next, we studied the effect of chemical modification with preserved even with the chemical modification. Thus, chemical
NHs on the electronic properties of the BNNT. The changes in modification of BNNT with NH; can be viewed as some kind
the band structures, the density of states, the total electronicof “harmless modification”.
density, and electronic deformation density are shown in Figure (2) Adsorption of Four Amino Functional Groups. As
3. The deformation density can be attained by subtracting the mentioned in the Introduction, previous experiments have shown
density of isolated atoms from the total electronic density (Figure that BNNTs can be chemically modified with amino functional
3c). From contours of both the total and deformation densities, groups, rather than NHmolecules. Therefore, in the second
it can be seen that certain amount of charge is transferred fromseries of calculations, we studied properties of chemically
NHj3 to the sidewall boron atom, concomitant with the formation modified BNNT with four amino functional groups, including
of the B—N bond between Nk and BNNT. The charge = NH,CHz, NH,CH,COOH, NHCH,OCH;z, and NHCOOH. The
population analysis with the Hirshfeld method indicates that the most stable structures are shown in Figure 4. We found that all
amount of the charge transferred is about Oe3@Jpon the the amino groups, except NHOOH, can bechemically

12004 J. AM. CHEM. SOC. = VOL. 128, NO. 36, 2006
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(a) NH,CH; (b) NH,CH,OCH;  (¢) NH,CH,COOH (d) NH,COOH

Figure 4. Most stable configurations of chemically modified BNNTs with the amino functional group (aENH (b) NH.CH,OCHs, (c) NH,CH,COOH,
and (d) NHCOOH.
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Figure 5. Band structures and DOS of amino functional group-modified BNNTs. The Fermi level is plotted with black dotted line. The projected DOS of
the amino functional group is plotted with red dashed line.

adsorbed on the BNNT sidewall and covalently bonded with @ tape 1. Calculated Adsorption Energies (Eags), B—N Bond

boron atom, namely, forming a-B\ bond. The B-N bond Lengths (Bg-n), and Charge Transfer (C) from the Amino
length ranges from 1.74 to 1.77 A. For the JBOOH functional ~ Functional Group to the BNNT

group, this molecule is onlghysicallyadsorbed on the BNNT functional groups Eas (V) Ba-u (A) Cle)
with one N—H bond of NHCOOH directing toward a sidewall NH3 0.45 1.71 0.36
nitrogen atom, as shown in Figure 4d. The corresponding “:28:300(}' %‘;’54 1177‘; %?é%
adsorption ene_rgles_and charge transfer from th_e_ five adsorbates NHECHiOCI—b 0.29 176 0.34
to BNNT are listed in Table 1. The Ni€Hs-modified BNNT NH,COOH 0.16 2.31 0.0

shows nearly the same adsorption energy ag biti BNNT, T _ _
while the adsorption energies with other amino functional groups - ;g'gv\)’:}:“rﬁtzégﬁ 2?8395; t‘:}'ztgr,‘\lcﬁTb?é‘i"éi‘?g zg;fns ofG0OH and

are typically smaller. Furthermore, the charge transfer from the

amino functional group to the BNNT is slightly reduced with the charge transfer to the BNNT should be reduced, thereby
the larger functional group and becomes zero with the-NH weakening the interaction between the amino functional group
COOH group. This trend of charge transfer and change of and the BNNT. This result reinforces our earlier explanation of

adsorption energy can be understood on the basis of relativethe interaction between the BNNT and functional group, that
electron-withdrawing or -donating capability of the added is, the interaction is predominately induced by charge transfer
molecular groups. It is well-known that GHhas electron- from the functional group to the BNNT.

donating capability similar to that of H-, while -COOH and We also calculated the band structures and DOS of amino
-OCH; are relatively strong electron-withdrawing functional functional group-modified BNNTs, as shown in Figure 5. The

groups. Thus, by replacing H- with the -COOH or -Ogjtloups band structures show that all the chemically modified BNNTs

J. AM. CHEM. SOC. = VOL. 128, NO. 36, 2006 12005
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are still semiconductors with a wide band gap close to that of the BNNT are all dependent upon the chemical nature of the
the pristine BNNT. The DOS and projected DOS of the amino subgroups within the amino functional groups. The trend of
functional groups show that the contribution from the amino charge transfer and change of adsorption energy can be
functional groups is largely away from the Fermi level. correlated with the trend in relative electron-withdrawing or
However, for the amino functional group containing an oxygen -donating capability of the subgroups. Subgroups with strong
atom, the functional group does give some impurity states close electron-withdrawing capability generally lead to less charge
to the conductive and valence band edges of the BNNT. transfer and smaller adsorption energy. The calculated band
Especially, the NHCH,COOH group induces an unoccupied  structures and DOS show that the chemical modification of
impurity state within the band gap of the BNNT and close to BNNTSs with amino functional groups can be generally classified
the conductive band edge. The orbital profile at the gamifa (  as certain type of “harmless modification”. In other words, the
point shows that this impurity state is mainly contributed by electronic properties of the BNNT are little changed by the
the —COOH subgroup of NBCH,COOH, suggesting that some  chemical modification. However, the amino functional groups
potentially new BNNT derivatives may be produced from the containing—COOH can give rise to an unoccupied impurity
reaction of other chemical materials with th€ OOH subgroup. state close to the conductive edge within the band gap,
In other words, for chemically modified BNNTs with the amino  suggesting that some new BNNT derivatives may be synthesized

group containing-COOH, the tube’s chemical reactivity may  from reaction of the chemically modified BNNTs with other
be enhanced. molecules.

Conclusion Since the chemical modification of BNNTs with either hH

or amino functional groups results in little change in the
electronic properties, more studies are needed to search for other
ways of chemical modification to modify electronic properties

of BNNTs by molecular design. On the other hand, the
preservation of electronic properties of BNNTs coupled with
the enhancement of solubility renders the chemical modification
of BNNTs with either NH or amino functional groups to be

an effective way for the purification of BNNTs. The insight

In conclusion, we have investigated, on the basis of density
functional theory calculations, the structural and electronic
properties of chemically modified BNNTs with NHand four
amino functional groups. We found that the Nidolecule can
be chemically adsorbed on top of a sidewall boron atom along
with a charge transfer from the adsorbate to the BNNT. The
adsorption ischemicalin nature with adsorption energy about
—0.45 eV. In contrast, for CNTs, previous theoretical and

experimental studies show that the adsorption oNRCNTS gbtallned frotm fg]"\ISN_?_b 'Tr?? Stutdi; r?]ay aIS(I) a:_s §t|stthfuturi
is only physicalin nature with merely a weak charge transfer evelopment o s with fargeted chemoselectivity throug

(about 0.03g).30-33 tactful chemical functionalization.
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