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Chemical Anisotropies of Carbon Nanotubes and Fullerenes Caused by the
Curvature Directivity
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Introduction

Since fullerenes[1] and carbon nanotubes,[2] new types of
carbon material different from graphite and diamond, were
discovered, they have exhibited interesting electronic, elec-
tric, mechanical, and structural properties and stimulated ex-
tensive research into their chemical functionalization.[3] Ex-
perimental and theoretical investigations show that ful-
lerenes and single-walled carbon nanotubes (SWCNTs)
have higher curvature-induced chemical reactivities than flat
graphite[4] and have a different chemical anisotropy from
graphite and diamond.[5] Research into the strain or curva-
ture, which is considered to be the source of their higher re-
activity, has become an important aspect of the chemistry of
SWCNTs and fullerenes. Theoretical research into the corre-

lation of curvature with the reactive mechanisms, up until
now, remains at the level of isolated atoms[4b–c,5a] and is defi-
cient in various directional curvatures, hence the reactivity
of the bond and the inherent relation of the curvature of the
atom and bond cannot be considered correctly. Consider-
ation of the whole curvature of these carbon clusters is in-
dispensable to rationally estimate the reactivities of the
atoms and bonds.

The formation of SWCNTs or fullerenes with various
frameworks includes two orbital–interaction processes. First,
the orbitals of isolated carbon atoms are hybridized to spx

(type: s ; s/p orbital ratio: 1:x) and spy (type: p ; s/p orbital
ratio: 1:y). Second, the multifarious carbon tubes or cages
are formed by different routes between the hybrid orbitals
of the adjacent atoms. The second precedence is the crux of
the formation and anisotropic reactivity of the SWCNTs or
fullerenes with a specific structure (Figure 1).

The pyramidized-angle (qp) concept
[4b,6] indicates the orbi-

tal hybridization of isolated atoms; however, it only consid-
ers the first step, so that the second step, the formation of
SWCNTs and fullerenes, exceeds the capacity of this ap-
proach. The misalignment angle based on pyramidization
also does not represent the second step correctly. Therefore,
the pyramidization approach to carbon atoms merely repre-
sents the mean reactivity of the vertex atom of the fullerene
or SWCNT. This approach has undergone grave difficulty in
describing the reactivities and adduct structures of the dif-
ferent directional C�C bonds on SWCNTs.[5a–b] Furthermore,
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the pyramidization approach also does not have the proper
criterion for the reactivities of fullerenes with anisotropic
curvature, which encompasses most of the known fullerenes.
For example, the tubular radii and qp value of SWCNTs
(5,5) and (9,0) are very close, whereas the curvatures and re-
activities of the C�C bonds on the circumference of the
(5,5) tube are much greater than those of the axis bonds of
the (9,0) tube because of the different routes of forma-
tion.[5b,7] The reactivities of the variously oriented C�C
bonds in the (5,5) or (9,0) tubes are also obviously different
as a result of the different oblique angle q[5b] of the C�C
bonds, although their qp values are equal. Diamond and C20

also have similar qp values, whereas their structures are
quite distinct. From the addition reactions of benzyne, di-
chlorocarbene, and sulfonyl azides to C70,

[5c–e] it has been
found that the sites on C4�C’4 (i.e. , C7�C8 in IUPAC num-
bering) with smaller pyramidalized angles have higher reac-
tivities than those with larger qp values. The [2+1] addition
of an oxygen atom to C50 does not occur at the equator with
the largest qp value.

[8]

The bond-curvature approach[5b] was successfully used to
explain the reactivities of the C�C bonds of SWCNTs; how-
ever, this approach needs to be extended and enriched to
predict the reactivities of the fullerenes and vertex sites of
SWCNTs. To describe the oriented curvature and the aniso-
tropic chemistry of SWCNTs and fullerenes generated by
various routes of formation, we have developed, herein, a
unified, directional-curvature theory that evaluates the
strain energies and reactivities of the vertices and bonds.

Directional-Curvature
Theory of SWCNTs and

Fullerenes

The direction of the curvature
of the s framework camber of
SWCNTs or fullerenes is in the
normal direction of the camber,
the orientation of which is the
p hybrid orbital relative to the
s framework formed by the de-
localized interaction of the
hybrid orbitals of the isolated
atoms. Hence, the curvature of
the camber can be regarded as
a unified mathematical repre-
sentation of the geometry and
inherent stress of the dangling
hybrid orbital on the vertex or
the arc of the camber relative
to the s framework of these
carbon clusters as viewed by
delocalization.

The curvatures of the arcs
that correspond to the C�C
bonds and the vertex carbon

atoms of the SWCNTs or fullerenes are defined as the direc-
tional curvature KD and its mean KM, respectively. Based on
the delocalization of the curved p conjugated system[5b] and
the Euler formula in differential geometry[9] for the Ca�Cb

bonds with biterminal oblique angles qi,
[5b] KD can be de-

fined by Equation (1) and for the vertex atom i, the curva-
ture may take the mean of the KD(i) for qi, namely, KM,
which is given by Equation (2):

KD ¼ 1
2

X
i¼a,b

ðKi1sin
2qi þ Ki2 cos

2qiÞ ð1Þ

KM ¼ 2
p

Z
0

p
2KDðiÞdqi ¼

1
2
ðK1 þ K2Þ ð2Þ

where Ki1 and Ki2 and K1 and K2 are the principle curvatures
of carbon atom i (see the Supporting Information). Equa-
tions (1) and (2) include the whole curvature of the vertices
and the bonds of the various SWCNTs or fullerenes. In
practice, others may be simplified greatly except for the cur-
vature of the ellipsoidal fullerenes, which should be calculat-
ed by Equations (1) and (2). For example, in the SWCNTs,
because K1 is equivalent to 1/R (see the Supporting Infor-
mation) and K2=0 and qa=qb, KD is defined by Equa-
tion (3):

KD ¼ sin2q

R
ð3Þ

where R is the radius of the SWCNT. Equation (3) is the
bond curvature K of the SWCNTs,[5b] and the KM value for

Figure 1. SWCNT, fullerene, graphene, and diamond formed by various routes.
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the vertices of SWCNTs can be obtained from Equation (2)
or the average of the KD value with qmin and 608�qmin,

[5b]

namely from Equation (4)

KM ¼ 1
2R

ð4Þ

hence, the vertex curvatures of SWCNTs with a given radius
are identical everywhere. For the spherical fullerenes, such
as C60, KD and KM are given by Equation (5):

KD ¼ KM ¼ 1
RS

ð5Þ

because K1=K2=1/RS (see the Supporting Information),
where RS is the radius of spherical fullerenes.

It can be seen, from the above discussion, that the curva-
tures of various directions are different from those of the
isolated atoms in SWCNTs and that for the great majority
of fullerenes KD¼6 KM, except for the spherical fullerenes. In
other words, as the SWCNTs or fullerenes are formed, the s

and p hybrid orbitals of a central carbon atom (set as C1)
may be changed from the original spx (s) and spy(p) hybrid
orbitals obtained by POAV analysis[6] to new s and p hybrid
orbitals as a result of various curvatures of the C1�Cn (n=2,
3, and 4) bonds between C1 and its adjacent atoms C2, C3, or
C4. At the same time, the qsp value (or qp+p/2) of the C1

atom will be changed correspondingly. For example, for an
armchair SWCNT with a moderate radius, the qsp value for
C1 obtained from the s bond angles aCn-C1-Cn’, obtained
on the basis of the POAV approach,[6] comes close to equal.
However, the practical qsp value (set as qsp’) may be obvi-
ously different because of the curvature directivity. The
qp’ value (or qsp’�p/2) of C1 along the C1�Cn bond (set as
C1�C2) of the circumference is twice as large as the original
qp value, and the qp’ value along the C1�C3 or C1�C4 bonds

is one half of the qp value. These qsp’ values will create a set
of new s and p hybrid orbitals of the C1 atom under ortho-
normal conditions.

The variance of the qsp value caused by the curvature or
strain led to increasing (qsp value decreased) or decreasing
(qsp value increased) bonding interactions between the p hy-
brid orbitals of the C1 and Cn atoms, and at the same time,
the s bond between C1 and Cn is changed reasonably. From
the point of view of energy, the SWCNTs or fullerenes will
tend to stabilize, but there is a larger difference in the activi-
ties of various C1�Cn bonds; for example, the reactivity of
the circumference C1�C2 bond is obviously stronger than
that of the axis C1�C3 or C1�C4 bonds. From the correlation
of the directional curvature with the calculated binding en-
ergies and experimental results (see Table 1, Table 2, and
reference [5]), it must be admitted that the directional-cur-
vature method is reasonable, though the direct experimental
measurement of the qsp’ or qsp values is difficult.

The hybrid-orbital recombination inevitably leads to the
anisotropy of the chemistry; however, the chemistry of the
graphene and diamond is isotropic, because the hybrid orbi-
tals are not changed. This behavior is just the chemical out-
come of the directional-curvature theory.

The Directional-Strain Energy Derived from the
Directional Curvature

The recombination of the atomic hybrid orbitals in
SWCNTs and fullerenes is carried out according to their
curvatures, which can be used to represent the interactional
energy of these hybrid orbitals relative to a single sheet of
graphite, as the SWCNT or fullerene increases the bonding
energy and, at the same time, bears a corresponding strain
energy that comes from the curved structure. Based on a
continual elastic model,[10] the strain energy or work Es re-

Table 1. The curvature parameters of SWCNTs in the formation of the adducts with the opened C�C bond.

SWCNTs Atoms Bonds
R KM qp

P
j

KM Reactivity q KD Eb [kcalmol�1] Reactivity

[nm] ACHTUNGTRENNUNG[nm�1] [8] ACHTUNGTRENNUNG[nm�1] [8] ACHTUNGTRENNUNG[nm�1] O/SWCNT CH2/SWCNT[a] NH/SWCNT[a]

ACHTUNGTRENNUNG(11,0) 0.431 1.16 4.70 22.10 60.00 1.742 71.89
ACHTUNGTRENNUNG(6,2) 0.282 1.77 7.17 22.07 46.10 1.841 73.20 68.38 42.71
ACHTUNGTRENNUNG(8,8) 0.542 0.92 3.73 22.13 90.00 1.844 78.86
ACHTUNGTRENNUNG(9,0) 0.352 1.42 5.75 22.17 60.00 2.129 79.43
ACHTUNGTRENNUNG(8,0) 0.313 1.60 6.48 22.16 60.00 2.396 82.14 weak
ACHTUNGTRENNUNG(6,1) 0.257 1.95 7.90 22.14 �KM 52.41 2.429 85.48
ACHTUNGTRENNUNG(6,6) 0.407 1.23 4.98 22.17 or 90.00 2.457 89.42
ACHTUNGTRENNUNG(7,0) 0.274 1.82 7.40 22.20 1

2R
60.00 2.737 86.81

ACHTUNGTRENNUNG(6,4) 0.341 1.47 5.95 22.05 83.41 2.894 93.27
ACHTUNGTRENNUNG(5,5) 0.339 1.47 5.95 22.14 90.00 2.950 96.79 strong
ACHTUNGTRENNUNG(6,3) 0.311 1.61 6.52 22.13 79.11 3.101 96.98 91.86 65.96
ACHTUNGTRENNUNG(6,0) 0.235 2.13 8.63 22.07 60.00 3.191 95.12
ACHTUNGTRENNUNG(6,2) 0.282 1.77 7.17 22.16 73.90 3.273 97.81 94.62 68.27
ACHTUNGTRENNUNG(6,1) 0.257 1.95 7.90 22.20 67.59 3.325 100.33
ACHTUNGTRENNUNG(4,4) 0.271 1.85 7.49 22.20 90.00 3.690 104.50

[a] The binding energies are given on the basis of the cluster model.[5b]
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quired to bend a bar with moment M through an angle f is
given by Equation (6):

Es ¼
1
2
M 	 � ¼ a

sin2q

R
¼ aKD

ð6Þ

where f= rC_�C
R sin2q,[5b] or more generally, f= rC_�CKD, in

which rC�C is the corresponding arc of the C�C bond, and a

may be taken approximately as a constant because M does
not significantly affect the p orbital, which is the dominant
contributor to Eb. Thus, the mean Es (EsM) is equal to aKM.

Equation (6) develops a relation in which the strain
energy depends directly on KD or KM. The directional-curva-
ture theory allows the curvature to represent the strain
energy or the difference of the binding energy Eb of the
SWCNT or fullerene relative to the graphite sheet Ebg, as
given by Equation (7) or Equation (8):

Eb ¼ Ebg þ Es ¼ Ebg þ aKD ð7Þ

Eb ¼ ETðCnÞ þ EX�ETðCn þXÞ � ETðCn
0Þ þ EC þ Es þ EX

�ðETðCn
0 þ EC�X þ EXÞ ¼ ðEC�EC

0�EC�XÞ þ EX ¼ Ebg þ Es

ð8Þ

where ET ACHTUNGTRENNUNG(C’n) is the energy of a fictitious SWCNT or fuller-
ene from which the carbon atom or C�C bond participating
in the reaction has been removed; EC and E’C are the ener-
gies corresponding to the carbon atom or bond before and
after the reaction; and EX and EC�X are the energies of ap-
plied species x and the binding energy of the bond C�X, re-
spectively.

In the sidewall additions of H and Al atoms on the verti-
ces of zigzag[11] and armchair[12] SWCNTs and of O, CH2,
NH, and SiH2 species on the C�C bonds with different
q values for the various types of SWCNTs,[5b] the linear rela-
tionships between Eb and 1/R, qp, or

sin2q
R have been seen, re-

spectively.

The Relationship of KD with the Bond Curvature
K and the Pyramidalized Angle qp

From Equations (1), (3), and (5) deduced from Equation (1),
it can be seen that KD is the same as the bond curvature K
and its extension to the SWCNTs and fullerenes. It can be
also proved that the KM values from Equations (2), (4), and
(5) represent the curvatures that correspond to the qp value
of the vertex atoms of SWCNTs and fullerenes, respectively.

Figure 2 is the projection of the bonds that adjoin a
vertex carbon atom on the circumference of an armchair
SWCNT. The DC1-C2-C3 of the bottom plane is close to an
equilateral triangle, thus giving Equation (9) and Equa-
tion (10)

KM ¼ 1
2R

¼ sin �

2

r
� �

2r
¼

2qp

r
ð9Þ

KD ¼ 2KM sin2q ¼
4qp

r
sin2q ð10Þ

where r is the C�C bond length of about 0.142 nm.

Table 2. The curvature parameters for oxygen addition to fullerenes.

Fullerenes Atoms Bonds
Atomic RS KM qp

e (qp
s)

P
i

KM
2 Reactivity Bond KD qp

e(B) r Eb Reactivity
types [nm] ACHTUNGTRENNUNG[nm�1] [8] ACHTUNGTRENNUNG[nm�1] types ACHTUNGTRENNUNG[nm�1] [8] [nm] [kcalmol�1] opened

C�C bond
closed

C�C bond

C60 1 0.352 2.84 11.50 483.9 ACHTUNGTRENNUNG[6,6][a] 2.84 0.138 76.33 [b]

ACHTUNGTRENNUNG[5,6][a] 2.84 0.145 78.25 [b]

1 3.109 12.59 1 ACHTUNGTRENNUNG(C1�C’1)ACHTUNGTRENNUNG[5,6] 3.141 9.72 0.1452 78.18 [b]

2 2.804 11.36 strong 2 ACHTUNGTRENNUNG(C1�C2) [6,6] 2.805 0.1397 75.89 [b]

C70 3 2.601 10.53 484.8 3 ACHTUNGTRENNUNG(C2�C3) [5,6] 2.779 9.45 0.1448 75.74
4 ACHTUNGTRENNUNG(C3�C’3) [6,6] 2.899 0.1389 75.30 [b]

4 2.426 9.83 5 ACHTUNGTRENNUNG(C3�C4) [5,6] 2.236 8.80 0.1450 70.43

weak 6 ACHTUNGTRENNUNG(C4�C’4) [5,6] 2.799 8.11 0.1434 76.97 [b]

5 2.375 9.62 7 ACHTUNGTRENNUNG(C4�C5) [6,6] 2.226 0.1421 63.46
8 ACHTUNGTRENNUNG(C5�C’5) [6,6] 2.769 0.1471 89.02 [b]

C50

1 2.538 10.28

485.0

weak 1 ACHTUNGTRENNUNG(C1�C’1)ACHTUNGTRENNUNG[5,6] 2.520 0.1465 80.11
2 2.892 11.71 2 ACHTUNGTRENNUNG(C1�C2) [6,6] 2.861 0.1390 81.76 [b]

3 3.256 13.19 3 ACHTUNGTRENNUNG(C2�C3) [5,6] 2.964 0.1469 88.31 [b]

4 ACHTUNGTRENNUNG(C3�C’3) [6,6] 2.816 0.1415 69.58 [b]

4 3.535 14.32 strong 5 ACHTUNGTRENNUNG(C3�C4) [5,6] 3.669 0.1417 82.80 [b]

6 ACHTUNGTRENNUNG(C4�C’4) [5,5] 2.913 0.1470 73.48

[a] [6,6] or [5,6] ring fusion. [b] Reaction is favorable.
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In Equation (9), qp=f/4 and, simultaneously, may be re-
garded as the mean of the radial and axial qp value, in which
the former is f/2 and the latter zero as a result of orbital de-
localization. Furthermore, qp=

r
4R=

a

4
ffiffiffiffi
3R

p (a is the length of
the repeat unit) can be also obtained, which is identical to
the result reported by Kleiner and Eggert.[13] The KM and
qp values are only dependent on the tubular radius R, and
the qp values obtained from KM are also consistent with the
result of Haddon and co-workers,[5a] but the tedious calcula-
tion is not required; besides, the vertex curvatures obtained
from the KM and qp values are identical as well. Equa-
tions (9) and (10) may be spread to other SWCNTs or ful-
lerenes if only the circular section in Figure 2 is taken as the
corresponding curvature circle. Therefore, the relationship
of KD (or KM) with qp in the zigzag or chiral SWCNTs can
be also represented by Equations (9) and (10), whereas
those of the spherical fullerenes are given by Equation (11):

KM ¼ KD ¼
2qp

s

r
ð11Þ

where qp
s is the pyramidalized angle of the vertices in the

spherical fullerenes. For the ellipsoid fullerenes, those are
given by Equation (12) and (13):

KM ¼ 1
r
ðqp1

e þ qp2
eÞ ¼

2qp
e

r
ð12Þ

KD ¼ 1
r

X
i¼a,b

ðqp1
esin2qi þ qp2

ecos2qiÞ ð13Þ

where qp
e, qp1

e, and qp2
e are the corresponding pyramidalized

angles of the vertex, K1 and K2, on the ellipsoid fullerenes,
respectively. It is evident from Equations (9)–(13) that the
qp, qp

s, or qp
e values may represent the KM value of the verti-

ces in SWCNTs and fullerenes, although they are not
enough to represent the directional curvatures KD (see
Table 1), except for the spherical fullerenes, and that the
qp

s value is equal to twofold qp, as the R values are equal.
For example, as a result of the close R values, qp�68 for the
(5,5), (6,4), and (9,0) tubes and qp

s�128 for C60.

It can be found from Equation (9) that the sum of the cur-
vatures of the vertices in the SWCNTs with i atoms is given
by Equation (14)

X
i

KM ¼ m
X

j

KM ¼ m
X

j

�

2r
¼ m

p

r
¼ 22:13mðnm�1Þ

ð14Þ

where j and m are the atomic number in the circumference
camber fragment with continuous C�C bonding and the re-
peated number of the camber fragment along the tubular
axis, respectively. Therefore, there is also an approximate
curvature conservation in SWCNTs as m is an infinite or the
same certain value (see Table 1 and the Supporting Informa-
tion). The curvature conservation in fullerenes may be ob-
tained by an approach used by Haddon[4b] and

P
i

KM
2 (orP

i
qp

2; see Table 2). Unfortunately, the curvature conserva-
tion of SWCNTs cannot be represented by this approach.

Theoretical Calculations of the Directional
Curvature and Prediction of Reactivity

The directional-curvature theory allows a universal method
that estimates the reactivities of the vertices and bonds of
SWCNTs and fullerenes to be developed (see Tables 1 and
2). The KD and KM values given in Tables 1 and 2 are calcu-
lated from the above-mentioned equations and the differen-
tial-geometry approach based on optimized structures. For
SWCNTs and fullerenes, periodic[14] and molecular[15] DFT
methods were applied to optimize the structures and calcu-
late the binding energies, respectively (see the Supporting
Information for details).

As an illustration of the directional-curvature theory, the
calculated results for various SWCNTs with moderate
R values show that there is a linear relationship between
the Eb and Es or KD values; for example, Eb=ebg+aKD=

45.45+16.26KD for the addition of oxygen (Figure 3). The
intercept of the line could be regarded as the binding
energy of the addition of oxygen onto the graphene plane;
hence, the strain energy Es=aKD in SWCNTs accounts for
about 100% of the excess energy of the cured structure rela-
tive to graphene.[11]

Similar results can be obtained from different computa-
tional models and methods.[5b] It is noteworthy that the
slopes a are very similar for the various models, computa-
tional approaches, or adducts. For example, from the cluster
model and DFT-B3LYP method[5b] a=16.96 kcalnmmol�1

for the addition of oxygen and a=16–18 kcalnmmol�1 for
various adducts O, CH2, or NH with triplet ground states.
The a values are also equal for the vertex additions of H
and Al atoms.[11] It can also be seen from Tables 1 and 2 that
the conservation of

P
j

KM in various types of SWCNTs or

of
P

j
KM

2 in various types of fullerenes occurs, and that the

latter is approximately equal to the square of the former. In

Figure 2. The projected frame of the bonds on the circumference of an
armchair SWCNT.
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addition, the qp (or qp
s, qp

e) values obtained from KM and
Niyogi et al.[5a] are close.

As distinct from SWCNTs, the C�C bonds in fullerenes
may result from either [6,6] or [5,6] ring fusion (see the Sup-
porting Information and Table 2 for oxygen addition to ful-
lerenes) and the change in the bond length is larger. In gen-
eral, the Eb value of the bonds with the [6,6] ring fusion or
the shorter bond lengths are less because larger energies are
required to break these bonds. The anisotropy of the
chemistry of C60 may be expressed by the different reactivi-
ties of the various bonds of the [6,6] and [5,6] ring fusions,
the vertices, or the bonds of the distorted C60. The bonds of
the [5,6] ring fusion are more reactive than those of the [6,6]
ring fusion.[16] This case can be also seen from the calculated
results for the defect SWCNT.[17]

The calculated results of the KD values for C70 (see
Table 2 or the Supporting Information) rationally explain
the addition[5e] of sulfonyl azides to C70 that occur at the C1�
C1’ and C4�C4’ bonds (i.e., C2�C3 and C7�C8 according to
the IUPAC numbering). These bonds (C1�C1’ and C4�C4’)
with [5,6] ring fusion have the largest KD values or binding
energies for the formation of the fulleroids with an open C�
C bond structure.

Up until now, no one has succeeded in explaining the
puzzle of the higher reactivity of the C4�C4’ bond at the rel-
atively flat midsection, our approach based on the theory of
KD contributes to clarifying this dilemma. In fact, the
KD value is not simply equal to the average of the biterminal
atomic KM value of the bond, and it is also not equal to the
curvature obtained by the average qp

e(B) of the qp
e value

relative to the bonds in the POAV2 analysis[6] (see Table 2),
thus the KD value may be larger, even if the biterminal KM,
qp

e, or qp
e(B) values are less. This reason is why the qp

e value
could not correctly describe the reactivities of the C�C
bonds with various orientations and sites.

The KD value also indicates that the adducts of C70 oxi-
doannulenes with an open C�C bond structure formed at
the C1�C1’ and C4�C4’ bonds are favorable.[18] The especially
large Eb value of the equatorial C5�C5’ bond may relate to

the largest bond length, and the absence of adduct C5,C5’�
C70O

[19] may be attributed to kinetic factors as the electronic
state of the equatorial carbon atoms is very small at the
HOMO/LUMO (see the Supporting Information).

There is also an approximate linear relationship between
the Eb and KD values for the bonds of the [5,6] ring fusion
with the close C�C bond length in C70 (Figure 4). For the

vertex reactivity of C50, the results predicted from the KM

and qp
e values are the same, hence the [1+1] addition of a

Cl atom onto C50 occurs preferably at C4, which is consistent
with the experimental results.[19] However, the reactivities
predicted by the KD and qp (or KM) values for the addition
at the C�C bonds are different. For the [2+1] addition of
an oxygen atom onto C50, the C2�C3 or C3�C4 bonds with
the larger KD value is preferable to the C4�C4’ bond, which
is consistent with the results calculated by Xu et al.[8]

Conclusion

The higher reactivities of SWCNTs and fullerene relative to
graphite stem from their curvatures. Their variously curved
frameworks are formed in two steps, which include the hy-
bridization of the vertex atomic orbitals and bonding be-
tween these hybrid orbitals, in which the former is embodied
in the mean property of the curvature and the latter in the
directional property of the curvature. The directional-curva-
ture theory, developed for the first time herein, covers the
mean and directional properties of the curvatures of
SWCNTs and fullerenes and allows a unified approach to
manifest the strain energies of the vertices and bonds in
SWCNTs and fullerenes. The pyramidized angle qp can not
be used to explain the anisotropy of the chemistry of
SWCNTs and fullerenes, and the curvature theory contrib-
utes to overcoming this difficulty. The theory, in essence, re-
veals that the KD and KM values have an inherent relation to

Figure 3. Variation of the binding energy (Eb) as a function of the
KD value of oxygen adducts with an opened C�C bond on SWCNTs.

Figure 4. Variation of the binding energy (Eb) as a function of the
KD value for the bonds with [5,6] ring fusion during the addition of an
oxygen atom.
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the bond curvature K and pyramidized angle qp and demon-
strates that there are approximate curvature conservations
in SWCNTs and fullerenes.

Prediction of the binding energies or the corresponding
reactivities, which depend directly on the strain energies or
KD (KM) values, has been verified by a series of theoretical
calculations and experiments. It must be pointed out, as the
proportional relation is used for the reactivity of the bonds
of fullerenes, that consideration of some factors, such as,
bonds with [6,6] or [5,6] ring fusion and obviously different
lengths, should be required. The surface of many nanoclus-
ters are formed by various orientations of the dangling orbi-
tals relative to the s framework, thus the directional-curva-
ture theory will be conducive to the study of their reactive
mechanisms.[20]

Acknowledgements

We gratefully acknowledge financial support from the Natural Science
Foundation of China (20673019, 20303002), the key project of the Fujian
Province (2005HZ01–2–6), and the Natural Educational Department
Foundation of PhD Unit (20050386003).

[1] H. W. Kroto, J. R. Heath, S. C. OMBrien, R. F. Curl, R. E. Smalley,
Nature 1985, 318, 162–163.

[2] S. Iijima, Nature 1991, 354, 56–58.
[3] a) A. Hirsch, M. Brettreich, Fullerenes—Chemistry and Reactions,

Wiley, VCH, Weinheim, 2005 ; b) M. S. Dresselhaus, G. Dresselhaus,
P. Arouris, Carbon Nanotubes, Spinger, Berlin, 2001.

[4] a) K. Tada, S. Furuya, K. Watanabe, Phys. Rev. B 2001, 63, 155405–
155408; b) R. C. Haddon, Science, 1993, 261, 1545–1550; c) X. Lu,
Z. F. Chen, Chem. Rev. 2005, 105, 3643–3696.

[5] a) S. Niyogi, M. A. Hamon, H. Hu, B. Zhao, P. Bhowmik, R. Sen,
M. E. Itkis, R. C. Haddon, Acc. Chem. Res. 2002, 35, 1105–1113;
b) J. Q. Li, G. X. Jia, Y. F. Zhang, Y. Chen, Chem. Mater. 2006, 18,
3579–3584; c) M. S. Meier, G. W. Wang, R. C. Haddon, C. P. Brock,
M. A. Lloyd, J. P. Selegue, J. Am. Chem. Soc. 1998, 120, 2337–2342;
d) A. F. Kiely, R. C. Haddon, M. S. Meier, J. P. Selegue, C. P. Brock,
B. O. Patrick, G.-W. Wang, Y. Chen, J. Am. Chem. Soc. 1999, 121,
7971–7972; e) L. Ulmer, J. Mattay, Eur. J. Org. Chem. 2003, 15,
2933–2940.

[6] R. C. Haddon, J. Am. Chem. Soc. 1986, 108, 2837–2842.

[7] Z. F. Chen, S. Nagase, A. Hirsch, R. C. Haddon, W. Thiel, P. von R.
Schleyer, Angew. Chem. 2004, 116, 1578–1580; Angew. Chem. Int.
Ed. 2004, 43, 1552–1554.

[8] X. Xu, Y. Xing, X. Yang, G. Wang, Z. Cai, Z. Shang, Y. Pan, X.
Zhao, Int. J. Quantum Chem. 2005, 101, 160–168.

[9] D. J. Meng, K. Liang, Differential Geometry, Beijing Science Press,
Second edition, 2004, p. 62.

[10] D. H. Robertson, D. W. Brenner, J. W. Mintmire, Phys. Rev. B 1992,
45, 12592–12595.

[11] O. GPlseren, T. Yildirim, S. Ciraci, Phys. Rev. Lett. 2001, 87, 116802.
[12] Z. Chen, W. Thiel, A. Hirsch, ChemPhysChem 2003, 4, 93–97.
[13] A. Kleiner, S. Eggert, Phys. Rev. B 2001, 64, 113402–1–113402–4.
[14] a) See: http://www.accelrys.com/mstudio/ms_modeling/dmol3.html;

b) B. Delley, J. Chem. Phys. 2000, 113, 7756–7764; c) J. P. Perdew, Y.
Wang, Phys. Rev. B 1992, 45, 13244–13249.

[15] a) Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Mont-
gomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford CT, 2004 ; b) A. D. Becke, J. Chem. Phys. 1993, 98, 5648–
5652.

[16] S. Picozzi, S. Santucci, L. Lozzi, L. Valentini, B. Delley, J. Chem.
Phys. 2004, 120, 7147–7152.

[17] a) X. Lu, Z. Chen, P. von R. Schleyer, J. Am. Chem. Soc. 2005, 127,
20–21; b) H. F. Bettinger, J. Phys. Chem. B 2005, 109, 6922–6924.

[18] D. Heymann, S. M. Bachilo, R. B. Weisman, F. Cataldo, R. H. Fokk-
ens, N. M. M. Nibbering, R. D. Vis, L. P. F. Chibante, J. Am. Chem.
Soc. 2000, 122, 11473–11479.

[19] S. Y. Xie, F. Gao, X. Lu, R. B. Huang, C. R. Wang, X. Zhang, M. L.
Liu, S. L. Deng, L. S. Zheng, Science 2004, 304, 699.

[20] The derivation of the directional curvature and further details of se-
lected results are given in the Supporting Information.

Received: January 16, 2007
Published online: May 11, 2007

www.chemeurj.org D 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 6430 – 64366436

J. Li et al.

www.chemeurj.org

