J Mol Model (2005) 11: 1-7
DOI 10.1007/s00894-004-0202-0

ORIGINAL PAPER

Peter Politzer - Pat Lane - Jane S. Murray
Monica C. Concha

Comparative analysis of surface electrostatic potentials of carbon,
boron/nitrogen and carbon/boron/nitrogen model nanotubes

Received: 18 March 2004/ Accepted: 18 August 2004 / Published online: 14 October 2004

© Springer-Verlag 2004

Abstract We have extended an earlier study, in which we
characterized in detail the electrostatic potentials on the
inner and outer surfaces of a group of carbon and B, N,
model nanotubes, to include several additional ones with
smaller diameters plus a new category, C,,B.N,. The
statistical features of the surface potentials are presented
and analyzed for a total of 19 tubes as well as fullerene
and a small model graphene. The potentials on the
surfaces of the carbon systems are relatively weak and
rather bland; they are much stronger and more variable
for the B,N, and C,,B,N,. A qualitative correlation
with free energies of solvation indicates that the latter
two categories should have considerably greater water
solubilities. The inner surfaces are generally more posi-
tive than the corresponding outer ones, while both po-
sitive and negative potentials are strengthened by
increasing curvature. The outsides of BN, tubes have
characteristic patterns of alternating positive and nega-
tive regions, while the insides are strongly positive. In
the closed C,, BN, systems, half of the C—C bonds are
double-bond-like and have negative potentials above
them; the adjacent rows of boron and nitrogens show
the usual BN, pattern. When the C,, BN, tubes are
open, with hydrogens at the ends, the surface potentials
are dominated by the B"~H ™ and N"—H " linkages.

Keywords Surface electrostatic potentials - Carbon
nanotubes - Boron/nitrogen nanotubes - Carbon/boron/
nitrogen nanotubes

Introduction

Some potentially very important applications of na-
notubes are related to the noncovalent interactions of
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their surfaces with gases and liquids, e.g. physical
adsorption. An important factor is the large surface-
to-mass ratio, which is enhanced by the fact that, in
the case of a single-walled tube, each atom is accessible
on both the inner and outer surfaces. Thus there
continues to be great interest in the possible effective-
ness of nanotubes as gas storage systems, focusing
particularly upon hydrogen because of its promise as a
“clean” fuel, [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] but including
other gases as well. [11, 12, 13, 14] Initial tests as
pollutant traps and in separating components from
liquid mixtures have already been successful. [15, 16,
17] The observation that adsorption leads to changes
in electrical conductivities suggests use as chemical
sensors. [18, 19, 20, 21] Catalytic functioning is being
explored. [22] The initial excitement engendered by
carbon nanotubes stimulated an interest in other ele-
mental compositions, and BN, [21, 23, 24, 25, 26] and
various B/C/N [24, 27, 28, 29] tubes have now been
prepared.

Noncovalent interactions, such as physical adsorp-
tion, [30, 31] are primarily electrostatic in nature. [31,
32, 33, 34, 35] In order to promote and more fully
develop the nanotube applications mentioned above, it
is essential to characterize in detail the electrostatic
potentials on their surfaces. It has indeed been shown,
in a series of studies that have been reviewed on sev-
eral occasions, [36, 37, 38, 39] that a variety of solid,
liquid and solution properties can be expressed quan-
titatively with good accuracy in terms of certain sta-
tistically defined features of the electrostatic potentials
on the surfaces of the respective molecules. These
properties include boiling points and critical constants,
heats of phase transitions, solubilities and solvation
free energies, partition coeflicients, viscosities, diffusion
coefficients, surface tensions and liquid and solid
densities.

We have recently analyzed computationally the elec-
trostatic potentials on the surfaces of a group of ten
single-walled carbon and boron/nitrogen model na-
notubes. [40] (This followed an analogous study of some



2

model graphenes. [41]) In the present work we have
extended the analysis to include additional types of
carbon and B,N, nanotubes (primarily with smaller
diameters) as well as a new category, C,,B N, which is
one of the C/B/N stoichiometries that has been synthe-
sized. [27] This has brought out some interesting and
rather unexpected points. We shall also address the
question of the relative aqueous solvation tendencies of
these systems. The solubilization of fullerene and carbon
nanotubes has attracted considerable attention and the
widespread current efforts to functionalize them are
motivated in part by the desire to increase solubility. [42,
43, 44, 45, 46, 47, 48]

Methodology and procedure
Electrostatic potential

The electrostatic potential F(r) that the nuclei and
electrons of a system create at any point r is given rig-
orously by Eq. (1),
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in which Z 4 is the charge on nucleus 4, located at R ,,
and p(r) is the electronic density. The sign of V(r) in any
region of space depends upon whether the contribution
of the nuclei (positive) or that of the electrons (negative)
is dominant there. For analyzing noncovalent interac-
tions, we compute V(r) on the molecular surface, or in
the present context, the nanotube surface; we take this to
be the 0.001 electrons/bohr® contour of the electronic
density p(r), as proposed by Bader et al. [49]

We characterize the overall pattern and specific fea-
tures of the surface potential, V5(r), by means of certain
statistical quantities:

(1)

(a) The most positive and most negative values, Vs max
and Vg min-
(b) The positive, negative and overall average poten-
tials on the surface:
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(d) The positive, negative and total variances of Vg(r):
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(e) An electrostatic balance parameter, v:
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The locations of the maxima and minima, Vg . and
Vs min, correspond to sites that are favorable for the
initial approaches of nucleophiles and electrophiles,
respectively. Their magnitudes also correlate with
hydrogen-bond-donating and -accepting tendencies. [50]
The quantities defined in Eqgs. (2), (3), (4), (5) and (7) are
global in nature. We interpret I1 as a measure of the
local polarity, or internal charge separation, that is
present even in systems with zero dipole moment, [51]
e.g. para-dinitrobenzene. The variances 2, 62 and o7,
reflect the range and variability of Vg(r); the contribu-
tions of the extrema are emphasized, due to the terms
being squared. We introduced v as a measure of the
degree of balance between the positive and negative
surface potentials; its upper limit is 0.250, when

2 _ 2
0L =0-.

Systems investigated

Our initial study of nanotube surface electrostatic
potentials encompassed five carbon and five B, N, model
tubes of the following types: closed (5,5) and open (5,5),
(6,1), (7,1) and (8,1). We have now expanded our
treatment of single-walled carbon and BN, systems to
include the closed carbon (6,0), the closed and open
BN, (6,0), and the open BN, (8,0). (Observations
associated with electrostatic potentials of the open car-
bon (1,0) will be reported in a future publication.) For
the new category that we are investigating, C,, BN, we
examined the closed (6,0) and the open (6,0), (8,0), (6,1)
and (8,1). In the case of the open tubes, we followed the
common practice of putting hydrogens at both ends to
satisfy the unfilled valencies. [52, 53, 54, 55, 56] The
stoichiometries of all of these systems are shown in
Table 1.

Computational procedure

All geometries were optimized at the Hartree—Fock
(HF) STO-3G level with the Gaussian 98 code. [57] HF/
STO-5G electrostatic potentials were then computed on
the surfaces defined by p(r)=0.001 electrons/bohr’ and
used to determine the statistical quantities discussed in
the Electrostatic potential section. It is known from
considerable earlier work, by us and by others, [36, 51,



Table 1 Computed surface quantities for model nanotubes, fullerene and model graphene®®

System Type Diameter  Af Ag Vs Vs 11 ai 2 o2y v Vsmax  Vs.min
carbon
Ciay (closed)® (55 69 636 80 26 —05 18 49 02 50 0039 103  —18
CgoHoo® (5,5) 6.9 204 462 7.0 -39 4.6 17.2 2.1 19.3 0.097 14.7 —8.0
Cy (closed) (6,0) 5.0 490 96 3.1 —1.8 2.4 13.0 3.2 16.2 0.159 245 -59
CesH 4 (6,1) 5.2 201 335 6.3 -2.7 43 19.9 1.2 21.1 0.047 14.8 -7.4
Ce-H6° (7,1) 6.0 180 347 7.0 -3.0 4.5 17.7 1.7 19.4 0.052 13.7 7.3
esH1g 8,1 6.8 194 390 7.2 -3.1 4.6 16.5 1.6 18.1 0.052 13.6 -7.3
Ceo(fullerene)® 351 16 2.3 —0.5 1.7 6.5 0.1 6.5 0.015 10.7 —-1.0
C(,szo(grdphene) 200 392 6.4 —4.6 49 13.2 2.5 15.7 0.135 15.9 -7.9
B60N60 (closed)® (5,5) 6.9 474 253 18.0 —8.3 14.0 2234 41.7 265.1 0.133 49.0 —-25.9
BaoNaoHao® (55 69 417 261 123  —57 94 723 147 870 0140 324  —147
B4gNyg (closed) (6,0) 5.0 374 211 17.9 —10.3 14.6 305.0 77.6 382.6 0.162 73.3 —37.1
B4 N4H |5 (6,0) 5.0 336 270 19.3 —8.5 14.8 2504  29.1 279.5 0.093 58.4 —26.5
BuoNaoH ¢ 8.0) 65 370 269 185 —88 144 1583 224 1807 0109 413  —269
B4 N4 H . (6,1) 5.2 356 270 18.0 —8.2 13.9 194.5 24.9 2194  0.101 49.8 —25.4
BigNssH ¢ (7,1) 6.0 356 260 17.5 —-8.2 13.6 152.9 23.1 176.1 0.114 424 —-23.0
BioNaoH 81) 68 406 282 167 —82 131 1263 235 1498 0132 378  —218
C BN,
CasBogNag (closed)  (6,0) 5.0 342 253 147 —76 118 173.6 413 2149 0155 668  —30.6
C4B5 N, Hy» (6,0) 5.0 336 274 203 —15.3 17.9 220.0 121.3 341.3 0.229 67.8 —52.7
CisoBooNooH 16 8.0) 65 369 277 184 —137 162 1595 945 2540 0234 547  —444
CBoyNoyHys 61) 52 359 282 185 —138 162 1726 873 2599 0223 586  —48.3
Cy4Bo Ny Hyg 8,1) 6.8 394 294 17.4 —12.7 15.1 138.7 74.7 213.5 0.227 50.6 —42.2

#Units: the diameters are in A A*andA are in A% VS R VS , IL, Vs max and Vg min are in kcal mol™ L

v is dimensionless
"HF/STO-5G//HF/STO-3G calculations
CReference [40]

dReference [41]

58, 59] that minimum basis sets are quite satisfactory for
our present objectives.

Results and discussion
General

Table 1 gives the computed properties of the electro-
static potentials on the model nanotube surfaces, as well
as the positive and negative areas, 4{ and A4g. For
completeness, we present these data for all of the tubes
studied plus fullerene, Cgq, [40] and a model graphene
[41] (with hydrogens along its peripheries).

Structures

Carbon nanotubes are frequently described as rolled-up
sheets of graphene. This analogy must be qualified,
however, with respect to the C-C bond length. Whereas
this is uniformly 1.420 A in graphite, [60] it can have
several values in carbon nanotubes, due to differing
orientations of the C—C bonds with respect to the tube
axis [61, 62] plus (in the case of the closed tubes) the
presence of five-membered as well as six-membered rings
in the caps at the ends. [24, 63] (In the current work, the
five-membered rings are arranged around a central

, 6% and g2, are in (kcal mol™")%

hexagon.) The combination of five- and six-membered
rings is the cause of fullerene having two distinct types of
C-C bonds, for which our HF/STO-3G calculations
predict lengths of 1.376 A and 1.463 A, [40] in satisfac-
tory agreement with experimental determmatlons of
1.386-1.401 A and 1.434-1.458 A. [64, 65, 66] For the
open tubes, another source of bond length variation is
the effect of terminating them.

In our carbon model nanotubes, the computed C-C
distances range primarily from 1.40 A to 1.45 A, thus
bracketing the bond length in graphite. In contrast, the
B-N bonds in the BN, systems are more consistent, the
great majority being 1.44 A or 1.45 A. The C,. BN,
present an interesting feature: About half of the C— C
bonds are notably shorter than the others, 1.35 to 1.38 A
in length. This suggests that they are approaching dou-
ble bond character, since the average experimental C=C
distance is approximately 1.33 A, [67] while the HF/
STO-3G optimized values for the cis and trans
CH(BH,)=CH(NH,) isomers are 1.338 and 1.335 A.
The remaining C—C bonds in the C,, BN, tubes, as well
as the C-N and B-N, are mostly between 1.42 and
1.48 A; the B-C are 1.51 A and above.

Table 1 includes the diameters of the tubes, calcu-
lated from their estimated circumferences. [24, 63, 68]
For this purpose, the average bond lengths in the car-
bon, B\N, and C,B.N, systems were taken to be
1.44 A [63] 1.45 A [68] and 1.44 A respectively.
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Electrostatic potentials

Carbon nanotubes

In our earlier study, [40] we found that the electrostatic
potentials on the particular carbon nanotube surfaces
examined are, overall, quite weak and rather bland, with
relatively little variability. (This applies as well to ful-
lerene and graphene.) The addition, in the present work,
of the closed (6,0) system does not significantly change
this assessment. The two closed tubes that have been
investigated, (5,5) Cy9 and (6,0) Coe, are positive over
nearly their entire surfaces, both inner and outer, but
only very weakly (Fig. 1); the averages, V5", are only
3 kcal mol™"' (Table 1). The inner surfaces are some-
what more positive than the outer, which we have found
to be the case in all of the systems that we have examined
regardless of their composition; this is presumably be-
cause the points inside are closer to more nuclei. The
only negative spots on (5,5) Ci,9 and (6,0) Cgg are on the
outside at the ends (caps), which are the regions of
greatest curvature. This is also where, on the inside, are
the most positive Vs(r). The fact that Vs ax s so much
larger for the (6,0) tube than for the (5,5) may reflect the
considerably smaller diameter of the former, which in-
creases the curvature of both the sides and the caps.

In the case of the open carbon tubes in Table 1, the
electron-donating hydrogens cause the outer carbon
surfaces to become negative [40], but only very weakly,
usually averaging —2 to —4 kcal mol ' (F5) with
minima Vs min between —7 and —8 kcal mol ™ '; these
are again on the outside near the ends. The insides of the
open tubes are negative for the wider ones (but less so
than the outsides), positive for the narrower. The
hydrogens are the most positive portions of the open
carbon tubes, with Vg n.x around 14 kcal mol ™!, which
accounts for the increased V5. In general, these carbon
nanotube surface potentials can be described as being
characterized by weakness; their statistical properties
given in Table 1 tend to be distinctly smaller in magni-

tude than is found for typical organic molecules
(excluding alkane hydrocarbons). [38, 39, 69]

BN, nanotubes

The BN, surfaces are quite interesting (e.g. Fig. 2). On
the lateral outsides, they all (whether closed or open)
have regular patterns of positive and negative potentials
associated with the boron and nitrogen atoms, respec-
tively; these range from 15 to 25 kcal mol~! and from
—7 to —15 kcal mol™'. The interiors are strongly posi-
tive (although less so as the diameter increases); this is
where the large Vs max listed in Table 1 are found. The
Vs.min are usually near the ends of the tubes, reflecting
the curvature in the closed ones and electron withdrawal
by nitrogens from hydrogens in the open. Unlike the
open carbon tubes, in which the hydrogens are always
positive, they can now be either positive or negative,
depending upon whether attached to a nitrogen or a
boron. Figure 3 shows, as was also seen earlier, [40] that
the characteristic surface pattern and strongly positive
interior are maintained whether the BN, tubes are
closed or open with hydrogens at the ends.

As in the case of the carbon analogue, the small
diameter closed (6,0) B4gN4g has notably stronger and
more variable positive and negative regions (Table 1).
This is again due to the high degree of curvature on the
sides and at the caps. The most positive regions are in
the interior; the most negative are on the caps, outside.

C, BN, nanotubes

In proceeding to the new category, C,, B, N, we will first
discuss the closed (6,0) C4gB24N»4 (Fig. 4). Structurally,
this tube is composed of three sets of rows of atoms
parallel to its axis; within each set are two rows of car-
bons followed by two rows of alternating borons and
nitrogens (Fig. 5). This sequence is repeated three times.

Fig. 1 Calculated electrostatic potential on the molecular surface
of closed (6,0) Cog; a is an outside view, while b shows the interior.
Color ranges, in kcal mol™: red, greater than 8; yellow, between 8
and 0; green, between 0 and —5; blue, between —5 and —7.5

Fig. 2 Calculated electrostatic potential on the molecular surface
of closed (6,0) B4gNys; a is an outside view, while b shows the
interior. Color ranges, in kcal mol™": red, greater than 20; yellow,
between 20 and 0; green, between 0 and —10; blue, between —10
and —20; purple, more negative than —20



Fig. 3 Calculated electrostatic potential on the molecular surface
of open (6,0) B42N42H12, a is an 0uts1de view, while b shows the
interior. Color ranges, in kcal mol™': red, greater than 20; yellow,
between 20 and 0; green, between 0 and —10; blue, between —10
and —20; purple, more negative than —20

Fig. 4 Calculated electrostatic potential on the molecular surface
of closed (6,0) C48B24N24, ais an out51de view, while b shows the
interior. Color ranges, in kcal mol™': red, greater than 20; yellow,
between 20 and 0; green, between 0 and —10; blue, between -10
and —20

Fig. 5 Structure of closed (6,0) CygB24Noy

Above the borons and nitrogens are positive and nega-
tive regions, very much as in the BN, systems (Fig. 2).
What is different from any tube that we have seen so far,
however, is the zigzag pattern of negative potentials,
with magnitudes approaching —10 kcal mol™', that are
associated with the rows of carbons (Fig. 4). These ap-

5

pear above the short C—C bonds that were mentioned in
the Structures section, which are oriented parallel to the
tube axis (except at the caps) and which we view as
having near double bond character. This is supported by
the fact that in ethylene, H,C = CH,, the Vs.min at the
HF/STO-5G level are —10.5 kcal mol ' and are located
above and below the midpoint of the double bond. The
interior of the closed (6,0) C48B24N24 is strongly positive,
with VS nax = 66.8 kcal mol~!; the Vs min, —30.6 kecal
mol~!, are on the outsides of the caps, near nitrogen
atoms.

The other C,,BN, tubes in Table 1 also have the
structure of two rows of carbons followed by two rows
of alternating borons and nitrogens; in the (6,1) and the
(8,1), however, these rows are not parallel to the axis.
Unlike the BN, systems, the surface potentials of these
C,, BN, model tubes are considerably affected by the
presence of hydrogens at the open ends, as is shown in
Figs. 6 and 7. The features that appear so distinctly for
the closed (6,0) C43B>4N»4 are no longer in evidence. In
the open tubes, one end consists primarily of B-H and
C-H linkages, the other of N-H and C-H. The surface
potentials are dominated by the strong positive and
negative regions associated with the terminal borons and
nitrogens, respectively. The Vg . are on the inside
surfaces, which are mainly positive, the Vs m;, are on the
outer. Both are stronger than for the BN, tubes.

Why is the effect of opening the tubes and adding
hydrogens so much greater for the C, BN, systems
than for the B,N,? We speculate that an important
factor may be the presence, in the former, of the
polarizable © electrons in the C=C double bonds.

Free energies of solvation

Some time ago, we showed that aqueous free energies of
solvation can be expressed with good accuracy in terms

Fig. 6 Calculated electrostatic potential on the molecular surface
of open (6,0) C42B21N21H12, ais an out51de view, while b shows the
interior. Color ranges, in kcal mol™': red, greater than 20; yellow,
between 20 and 0; green, between 0 and —10; blue, between —10
and —20; purple, more negative than —20



Fig. 7 Calculated electrostatic potential on the molecular surface
of open (8,1) C4,B» N> H g; a is an outside view, while b shows the
interior. Color ranges, in kcal mol™": red, greater than 20; yellow,
between 20 and 0; green, between 0 and —10; blue, between —10
and —20; purple, more negative than —20

of subsets of the statistical quantities characterizing the
electrostatic potentials on the solutes’ molecular sur-
faces. [70, 71] (These were defined in the Electrostatic
potential section.) These relationships are not quantita-
tively applicable in the present context, because the
experimental database from which they were developed
(by a fitting procedure) consisted of a variety of typical
organic molecular solutes, but not macrosystems such as
nanotubes. They show, however, that Vgpn.x plays a
prominent role in determining the free energy of solva-
tion, AG,y, in water; AGy,, becomes more negative as
Vs.max increases. We have now found, for a series of 76
solutes, that AG,,, correlates roughly with —Vg nax
alone; the correlation coefficient is 0.81. [72] Accord-
ingly, we suggest that Vs max can be used to obtain some
rough qualitative insight into the relative solubilities of
the respective model nanotubes. In doing this, however,
we should avoid the Vg max due to hydrogens, since these
are normally not present, as well as those inside the caps,
which may not be accessible to solvents; furthermore the
caps are often removed for practical applications. [1, 11,
73]

In order to eliminate the influence of hydrogens, we
will focus upon the closed tubes, but looking at the
V's.max only on their lateral surfaces, outer and inner; the
Vs.max on the caps are not considered. For the carbon
tubes, the lateral Vg .x, outer and inner, are approxi-
mately 5 and 7-10 kcal mol~'. For the B,N, and
C,B,N,, they are 20-27 and 40-50 kcal mol~'. Thus
the Vsmax are larger for the latter two categories by
about a factor of five. While this does not translate di-
rectly into a ratio of AG,,, it is clear that aqueous
AG,, and solubility should be considerably greater for
the B,N, and C,,B,N, systems.

Summary

In two separate studies, we have now characterized the
surface electrostatic potentials of 19 carbon, B,N, and
C,,BN, model nanotubes, as well as fullerene and a
model graphene. Certain generalizations can be made,
some of which were suggested earlier [40] but have now
been reinforced.

(a) The strengths and variabilities of the inner and
outer surface electrostatic potentials increase con-
siderably in going from carbon to B,N, and
C,,B,N.. There are qualitative indications that the
same is true of aqueous solubility.

The inner surfaces tend to be more positive than
the outer. Both positive and negative potentials are
enhanced by increased curvature, such as is found
at the caps or in going to tubes of smaller diameter.
(c) The outer surfaces of B,N, tubes have regular,
stable patterns of alternating positive and negative
regions. Their interiors are strongly positive. These
features remain when the caps at the ends are re-
moved and hydrogens added.

In the C,,B N, tubes, half of the C—C linkages have
nearly double bond character. The outer surface of
the closed (6,0) C43Bo4N,4 has zigzag paths of
negative potentials above the C=C bonds adjacent
to the usual BN, arrangements of positive and
negative regions. The inner surface is strongly po-
sitive. However, this picture is not preserved in the
open tubes with hydrogens at the ends.

(b)

(d)

Overall, our results emphasize the diversity of surface
electrostatic potentials, differing in patterns and in
strengths, that can be achieved by varying nanotube
compositions and structures. There appears to be a
definite opportunity to design tubes to fulfill specific
functions involving noncovalent surface interactions,
e.g. trapping or sensing particular toxigens, separating
components of mixtures, etc.
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