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Computational simulations of macrocycle-encapsulated single-walled carbon nanotubes (SWNTs) and C60
are reported. A molecular mechanical force field method has been used to calculate the physical properties
of these complexes. The calculation shows that the macrocycle-encapsulated SWNTs and C60 are more stable
than free SWNTs and C60. When macrocycles are bound to SWNTs, energetically stable well regions have
been observed. The energetic and dipolar changes of an armchair SWNT upon binding by a macrocycle are
different from those of a zigzag SWNT. SWNTs with pentagon-heptagon defects are compared with normal
SWNTs. Calculated large energetic stabilization in a water environment suggests that wrapping inorganic
macrocycles around SWNTs can promote the solubility of SWNTs.

Introduction
Discovery of nanoscale carbon materials such as carbon
nanotubes and buckyballs (C60) has led to extensive studies of
their chemical, electrical, and mechanical properties.1-6 The
relationships among physicochemical properties, the orientation
of the six-membered carbon rings, and the type and size of the
single-walled carbon nanotubes (SWNTs) have been of special
interest.7 SWNTs show intriguing properties due to their unique
structural architectures. The diameter and helicity of SWNT can
be characterized by the vector, ch ) na1 + ma2 (a1 and a2 are
the graphene lattice vectors, and n and m are integers). Zigzag
SWNTs are either metals (if n/3 is an integer) or semiconductors
(if n/3 is not an integer), while armchair SWNTs are metallic
when isolated.8 Moreover, SWNTs are extremely stiff and also
elastic against environmental stress.9,10 Tuning the physical
properties of SWNTs will be useful for the applications of
SWNTs to electronics. The sticky nature of SWNTs has been
a critical problem in controlling SWNTs. It will be impossible
to control the physical properties and to fabricate SWNTs
without commanding aggregation properties of SWNTs. However, it has been very difficult to control the chemical and
physical properties of SWNTs.
Chemical functionalization such as defect-group functionalization, covalent sidewall functionalization, noncovalent exohedral functionalization with surfactants and polymers, and
endohedral functionalization is an attractive way to improve
solubility and processibility and allow the unique properties of
SWNTs to be coupled to those of other types of materials.11
The noncovalent functionalization of SWNTs can manipulate
the electrical, mechanical, and aggregating properties of SWNTs
without disrupting the bonding network of the nanotubes, and
there have been several studies both computational and experimental concerning interactions between SWNTs and polymers
for altering the physicochemical properties of polymers and
SWNTs.12,13 This polymer wrapping also increases the solubility
of SWNTs in water.14 Recently, a 1D array of C60 molecules
nested inside an SWNT has been reported and energetics studies
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have appeared.15-17 It was indicated that insertion of C60 into
an SWNT can be an exothermic process, and that such
modification of an SWNT by intermolecular interaction can alter
the physical properties of the SWNT. Most recently, electronic
measurements of C60@SWNT with a scanning tunneling
microscope have been made showing that C60@SWNT modified
the local electronic structure of the nanotube.17
In this paper, we focus on encapsulation of C60 and SWNT
by metallomacrocyclic rings. A novel tetranuclear rhodium
complex has been synthesized from flexible hemilabile ligands,
N,N′-dimethyl-N,N′-bis[2-(diphenylphosphino)ethyl]-1,4-phenylenediamine, and a “Rh(I) source” via the “weak-link synthetic
approach”.18 Significantly, the complex can be reacted with
small molecules (e.g., CO, (CH3)4NCl, CH3CN, etc.) that
selectively break the N-Rh links to afford flexible, 52membered tetranuclear macrocycles, Figure 1.18 These macrocycles are unique because of their sizes, the choice of the redoxactive group, and the presence of the coordinatively unsaturated
rhodium(I) metal centers in the macrocyclic framework. The
macrocycles feature large cavities with electron-rich N,N,N′N′tetraalkyl-1,4-phenylenediamine groups in the macrocyclic
framework, which can be a significant driving force for the
encapsulation of electron-deficient molecules (e.g., SWNTs and
C60). Numerous accounts of metal-coordinated C60 complexes
have been reported, in which all the metals are bound in an
η2-fashion.19-22 It can be anticipated that these flexible macrocycles might promote significant interactions between the Rh
metal centers and the encapsulated SWNTs and C60, and
furthermore change their chemical and physical properties. More
significantly, varying the coordination environment around the
rhodium center with small ligands such as CH3CN and Cl
(Figure 1) can alter the interactions between the macrocycle
and target molecules such as SWNTs. While internanotube
interactions can be weakly altered by C60 insertion, encapsulating
SWNTs from the outside is more effective, with more choices
for controlling intermolecular interactions between SWNTs.
Consequently, encapsulating SWNTs with proper macrocycles
can be a way to modify the properties of a given SWNT and to
control the aggregation properties of SWNTs. In this research,
computer simulations of noncovalent modifications arising from
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Figure 1. Inorganic macrocycles.

Figure 2. C60 stabilization by macrocycle encapsulation. (A) Encapsulation direction for the C60/macrocycle complex. (B) Energetic profile of the
C60/macrocycle complex.

encapsulation of an SWNT and C60 by inorganic macrocycles
are discussed. The desolvation energy problem for the complete
encapsulation of a nanotube with an inorganic macrocycle are
also discussed.
Computational Details
An MM+ force field method23-25 has been used to optimize
molecular structures and calculate the energies of the molecular
systems in this research. A conjugate gradient (Polak-Ribiere)
method with bond dipoles and no cutoff options has been applied
for the geometric optimization of the molecular structures. Macrocycles (Figure 1) and SWNTs were optimized individually
until the root-mean-square (RMS) gradient was less than 0.2
kcal/(Å mol) and C60 was minimized until the RMS gradient
was less than 0.1 kcal/(Å mol) before encapsulation simulation.
To maintain a square planar structure for the rhodium coordination sphere, 1000 kcal/mol‚Å2 was taken as the force constant
for the spring (harmonic oscillator) between rhodium and coordinated atoms during optimization, and these constraints were
removed for the single-point energy calculations of the optimized structures. For C60 encapsulation, optimized geometries
and energies have been calculated for every 0.5 Å movement
along the z-axis (Figure 2A). For the nanotube encapsulation,
armchair (8, 8) and zigzag (14, 0) nanotubes with dimensions
12 × 12 × 41 Å3 were used. Macrocycle 1 has been used for
SWNT encapsulation and moved in increments of 1 Å from
one edge of the nanotube to the other with full geometric
optimization at each step (Figure 3). For the desolvation energy

calculations for the nanotube, an explicit water model (TIP3P)
with the switched-cutoff option has been used.26 RMS gradient
termination conditions of the optimizations for C60, SWNTs,
and solvated SWNTs are 0.2, 0.3, and 0.3 kcal/(Å mol),
respectively.
Results and Discussion
C60. The MM+-optimized energies of macrocycles 1 and 2
are 1114.1 and 1121.3 kcal/mol, respectively, and the total
energy of the minimized C60 is 267.6 kcal/mol. Upon complexation of C60 by both macrocycles, there is clear energetic
stabilization (Figure 2B). From the net difference between the
energy before contact and the minimized energy after complexation, we can evaluate the encapsulation stabilization energy
(Eencap). Eencap is defined as

Eencap ) Eon/minimum(C60/macrocycle complex) (Eoff/before(C60) + Eoff/before(macrocycle))
Eencap for macrocycle 1 is -41.3 kcal/mol, and Eencap for
macrocycle 2 is -36.4 kcal/mol. Energetically, macrocycle 1
is slightly more favored for the encapsulation of C60. This
demonstrates that ligand substitutions on the macrocycles can
produce different energetic stabilities of these complexes. For
both macrocycles, there are no energetic barriers to overcome
for the complete encapsulation and C60 prefers to stay bound
to the macrocycle. In the process of disengagement of an
inorganic macrocycle from C60, however, there are the energetic
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Figure 3. Macrocycle encapsulation onto SWNTs.

TABLE 1: Correlation Coefficients (R) with Total Energya
Ebond
Rcycle 1
Rcycle 2

0.22
0.43

Eangle

Edih

(A) C60
0.84
0.67
0.74
0.65

EvdW

Estr-bend

Eele

0.95
0.95

0.66
0.41

-0.38
-0.67

Rarmchair
Rzigzag

-0.25
-0.56

(B) SWNTs
-0.56
0.30
0.99
-0.52
0.57
0.98

-0.58
-0.25

0.32
0.53

Rarmchair
Rzigzag

-0.05
0.31

(C) 5/7 SWNTs
0.09
0.25
0.99
-0.30
0.41
0.98

-0.35
-0.47

0.11
0.35

aE
bond, Eangle, Edih, EvdW, Estr-bend, and Eele are bond, bond angle,
dihedral, van der Waals interaction, stretch-bend, and electrostatic
energies, respectively.

barriers that prevent macrocycles from being released from C60.
These barriers keep C60 encapsulated within the macrocycle ring.
Interestingly, the calculated energies before encapsulation and
the energy after the macrocycle releases C60 are different. The
difference is a little bit larger for macrocycle 1, which is the
more stabilizing macrocycle by complexation. This suggests that
the binding of macrocycles may change their geometries and
energies. This is also observed with SWNTs, and is discussed
below. The correlation coefficient (R) is a number between -1
and +1 that measures the degree to which two variables are
linearly related. If there is a perfect linear relationship with a
positive slope between the two variables, we have a correlation
coefficient of 1. The correlation coefficients between the
energetic variables and total energy are shown in Table 1. The
correlations between the total energy and van der Waals (vdW)
energy for both macrocycles 1 and 2 are significant (R ) 0.95),
while other energies show no strong correlations with total
energy. This shows that the vdW energy is the key energetic
term that accounts for the energetic stabilization of the C60/
macrocycle complex. Rotation of C60 inside the macrocycle can
also affect the energetic stability of the C60/macrocycle complex.
To examine this possibility, we monitored the energy changes
while rotating (every 30°, from 0° to 180°) and minimizing C60
with macrocycle 1 for their most stable complex structure. There
are negligible fluctuations of energies (less than 0.9 kcal/mol),
and therefore, there is no significant energetic change upon
rotating C60 inside the macrocycle.
SWNTs. In the proof-of-concept simulation, macrocycle 2
encapsulates armchair and zigzag SWNTs. As we can see from
Figure 3, inorganic macrocycles slide along the SWNTs (moving
the macrocycle every 1 Å along the z-axis of the nanotube),
and energies for each point have been calculated. Energy profiles
for all these calculations are shown in Figure 4. Eencap values

of armchair and zigzag SWNTs are -56.3 and -112.3 kcal/
mol, respectively. The zigzag SWNT is much more stabilized
by the inorganic macrocycle encapsulation. The calculation
results and correlation coefficients of molecular mechanical
energies and dipole moments with total energy are tabulated in
Tables 1B and 2. Significantly, the energy is more stabilized
when the macrocycle is located on the middle of the SWNT
and there is an energetic barrier to overcome for the complete
encapsulation of the SWNT with the macrocycle. Major
energetic terms of both types of SWNTs for the energetic barrier
formation are the dihedral and bond-stretch terms (Edih and
Estr-bend) of the macrocycle. Only those two terms clearly
increase from off/before to on/maximum, while EvdW still
significantly decreases when compared with the off/before value
(Table 2). If this energetic barrier is not overcome, the
macrocycle will stay bound at the edge of the SWNT without
further encapsulation. The overall energy profile suggests that
the SWNT is ligated by the inorganic macrocycle. For both types
of SWNTs, the energetic wells show stepwise optimization
behaviors with energetic fluctuations (Figure 4A). EvdW terms
show significant correlation with total energy for both armchair
and zigzag SWNTs. No other energetic terms show high
correlations with total energy.
For armchair SWNTs, the off/before energy is lower than
the off/after energy, but the off/after energy is rather more stable
than the off/before energy in the case of zigzag SWNTs. This
implies that there are permanent changes of molecular geometries engendered by the macrocycle encapsulation. To understand this behavior, macrocycle, SWNT, and interaction (Ering/SWNT
- (Ering + ESWNT)) energies are individually calculated in the
case of armchair SWNTs. The correlation coefficient between
interaction energies and total energies is 0.92. Energies of
noninteracting SWNTs change from 1583.0 (off/before) to
1583.8 (on/minimum) kcal/mol, while energies of noninteracting
macrocycles are changed from 1121.3 to 1150.9 kcal/mol. The
interaction energy for off/before is -0.17 kcal/mol, while the
interaction energy for on/minimum is -86.9 kcal/mol. This
suggests that energetic stabilization is mainly from geometric
optimization of the macrocycle and interaction between the
SWNT and macrocycle. More calculations about this behavior
are shown and discussed in a later section, RMS Deviations.
Monitoring the change of the dipole moments of the SWNTs
provides us with structural and electronic insight into our
systems. Dipole moments have been calculated, and total
energies are shown in Figure 5. During encapsulation, there are
large dipole moment changes (2.80-11.18 D for armchair
SWNTs and 2.49-12.37 D for zigzag SWNTs). The dipole
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Figure 4. Energy profiles of macrocycle-encapsulated SWNTs. (A) Normal SWNTs. (B) SWNTs with pentagon-heptagon defects.

TABLE 2: Major Physical Values in the Process of Encapsulationa
armchair SWNTs
off/before
on/maximum
on/minimum
off/after

zigzag SWNTs

Etotal

Ebond

Eangle

Edih

EvdW

Estr-bend

Eele

DP

Etotal

Ebond

Eangle

Edih

EvdW

Estr-bend

Eele

DP

2704.2
2693.7
2647.8
2721.0

33.4
31.0
35.3
35.7

1223.2
1221.4
1231.8
1227.3

1041.5
1043.5
1034.0
1033.1

428.8
419.4
368.1
447.2

-28.4
-27.6
-26.9
-27.7

5.6
5.9
5.5
5.5

3.5
2.8
10.7
11.2

3024.3
3008.1
2912.6
3008.9

63.7
56.8
66.2
65.4

1169.3
1167.6
1172.5
1152.1

1055.2
1062.1
1048.3
1047.6

760.6
745.0
650.3
768.9

-30.1
-29.2
-30.2
-30.6

5.6
5.8
5.5
5.5

3.5
2.5
11.5
11.9

5/7 armchair SWNTs
off/before
on/maximum
on/minimum
off/after
a

5/7 zigzag SWNTs

Etotal

Ebond

Eangle

Edih

EvdW

Estr-bend

Eele

DP

Etotal

Ebond

Eangle

Edih

EvdW

Estr-bend

Eele

DP

2785.5
2779.4
2737.3
2808.3

43.2
43.3
45.4
46.4

1276.5
1283.1
1284.0
1281.6

1064.4
1059.0
1057.4
1056.8

423.4
413.2
370.6
443.6

-27.5
-24.9
-25.6
-25.8

5.6
5.6
5.5
5.5

3.5
8.1
10.1
10.5

3165.5
3140.1
3059.7
3172.6

94.9
93.3
93.2
96.5

1252.4
1264.3
1251.2
1248.0

1087.2
1081.0
1079.6
1077.8

753.1
720.4
656.7
772.0

-27.8
-24.5
-26.4
-27.3

5.6
5.7
5.5
5.5

3.5
7.3
11.1
11.7

All energies are in kilocalories per mole, and the dipole moment (DP) is in debyes.

Figure 6. 5/7 defects (ball-and-stick) of armchair and zigzag SWNTs.

Figure 5. Dipole moment profiles of macrocycle-encapsulated SWNTs.

moment changes are similar for armchair and zigzag SWNTs.
When macrocycles are located in the 10 and 20 Å region, there
are large variations of both the dipole moments and energies
of macrocycle/SWNT complexes (Figure 5). Notice that this
region forms energetic barriers for both armchair and zigzag
SWNTs and Eencap is larger for zigzag SWNTs. Overall, this
obvious dipolar change upon binding of a macrocycle implies
that this type of modification of an SWNT can alter electronic
and structural properties of SWNT/macrocycle complexes (it
is important to recall, however, that MM+ is not reliable for
quantitative dipole moment calculation).

Pentagon-Heptagon Defects. Carbon nanotubes often contain defects, and topological defects such as the pentagonheptagon (5/7) defect can create a local deformation in the width
of the nanotube and significantly perturb the electronic properties
of the hexagonal network of the nanotube.27 Two pairs of
pentagon-heptagon defects were introduced into the middle of
both armchair and zigzag SWNTs (Figure 6), and Eencap for
macrocycle 1 was calculated. Eencap values for 5/7 SWNTs are
-48.0 kcal/mol (armchair) and -105.8 kcal/mol (zigzag). Again
the zigzag SWNT is much more stabilized by macrocycle
encapsulation than the armchair SWNT. Eencap values for 5/7
SWNTs are slightly smaller than those for normal SWNTs. The
energy profile of a 5/7 armchair SWNT shows small stabilization
with many fluctuations. Overall energetic behaviors for both
armchair and zigzag SWNTs are similar to those of normal
SWNTs. The energetic well area of a 5/7 armchair SWNT is
smoother and wider than that of a normal armchair SWNT. EvdW
is the major contributing term for the total energy change of
5/7 SWNTs. There are entrance barriers for SWNT/macrocycle
complexation (see Table 2). Dipolar changes for both 5/7
armchair and zigzag SWNTs are similar to those of normal
SWNTs (Figure 5 and Table 2), but the magnitudes of dipolar
changes are smaller than those of normal SWNTs.
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TABLE 3: RMS Values (angstroms) for Superposed
Armchair SWNTs and Macrocycles
armchair

5/7 armchair

zigzag

5/7 zigzag

SWNT ringa SWNT ring SWNT ring SWNT ring
(A) Off/Before vs On/Minimum
RMSedge
0.025
0.031
0.045
0.119
RMSmiddle 0.044
0.037
0.049
0.072
RMSoverall 0.035 2.247 0.035 2.105 0.047 2.646 0.121 2.668
(B) Off/Before vs Off/After
RMSedge
0.029
0.029
0.022
0.103
RMSmiddle 0.024
0.022
0.021
0.069
RMSoverall 0.027 2.377 0.028 2.236 0.022 2.822 0.112 2.820
a
Large RMS values for macrocycles are due to the rotations of all
four benzene rings and subsequent overall structural distortions within
the macrocycle structures upon the binding onto SWNTs.

Figure 7. Division of SWNTs for RMS evaluation.

RMS Deviations. RMS deviation of Cartesian coordinates
(x, y, z) is defined as the square root of the arithmetic average
of a set of squared differences between two coordinate values.
The RMS fit can give us insight into these asymmetric behaviors
of energetic profiles. Two RMS fittings (off/before vs off/after
and off/before vs on/minimum) have performed in this regard.
To investigate the distortion of SWNTs by macrocycle encapsulation in greater detail, an SWNT is divided into three regions
for both armchair and zigzag SWNTs (Figure 7 and Table 3)
and two SWNTs are overlaid to minimize the RMS error of
each region. In the case of RMS fittings of overlaid off/before
and on/minimum SWNTs and macrocycles, RMS deviations are
larger in the middle than at the edge of SWNTs due to stronger
macrocycle/SWNT interaction in the middle part of SWNTs
except 5/7 zigzag SWNTs (Table 3A). For 5/7 zigzag SWNTs,
the RMS deviation is relatively larger than those of other types
of SWNTs and the difference in RMS between the middle part
and edge part of the SWNT is noticeable due to the 5/7 defect.
Interestingly, RMS deviations are not large and almost the same
as those of normal armchair SWNTs in the case of 5/7 armchair
SWNTs, and this behavior also holds for RMS deviations
between off/before and off/after. Most significantly, RMS
deviations for macrocycles are much larger than those for
SWNTs. This shows that the macrocycle is responsible for most
of the structural adjustment of the SWNT/macrocycle complex.
Figure 8 clearly shows that there is dramatic structural adjustment for the macrocycle (black line for off/before and gray stick
for on/minimum) but there is nearly no change for the armchair
SWNT during the encapsulation process. This behavior is the
same for all four types of SWNTs.
For RMS fittings of overlaid off/before and off/after, RMS
deviation values are smaller in the middle parts of SWNTs
(Table 3B). The edges of SWNTs are affected slightly more by
macrocycle encapsulation than the middle part. This off/before
and off/after comparison is important to understand the computed discrepancies between total energy for off/before and total
energy for off/after for all four SWNTs. As we can see from

Figure 8. Structural changes between off/before (black line) and on/
minimum (gray stick) for armchair SWNTs.

Table 3B, RMS deviations of macrocycles are much larger than
those of SWNTs for all four types of SWNTs (see the footnote
in Table 3). This indicates that total energy discrepancies
between off/before and off/after for all SWNTs (Figure 4) are
mostly due to the permanent structural change of the macrocycle.
Desolvation. Removing the water molecules around the
nanotubes (desolvation) should be an important process for
the binding of macrocycles onto SWNTs. An explicit water
model has been used to examine the energetics for desolvation. To evaluate the desolvation energy, nanotubes are located
in a water box (WB, with 2554 water molecules for both
armchair and zigzag SWNTs). The total energies of the two
configurations were compared. One configuration is before
the macrocycle encapsulates the SWNT, and the other configuration is after encapsulation (the more stable configuration
for the vacuum environment). Wetted encapsulation was evaluated:

∆Ewet encap ) EWB+ring+SWNT
(after engagement, minimized complex) - EWB+ring+SWNT
(before engagement; the distance between the SWNT
and macrocycle is 10 Å closer than that for off/before)
It turns out that the encapsulation processes for both zigzag
and armchair SWNTs are still energetically favored, and this
means that macrocycle encapsulations for both armchair and
zigzag SWNTs, even in a water environment, are plausible
(Table 4). Encapsulation is more favorable for the zigzag SWNT
(∆Ewet encap ) -36.4 kcal/mol) than for the armchair SWNT
(∆Ewet encap ) -26.6 kcal/mol). Overall, there are large encapsulation stabilization energies for wetted encapsulation, and the
macrocycle-encapsulated SWNT (for both armchair and zigzag)
is still more favored than the separated macrocycle and SWNT.
This implies that macrocycle encapsulation can help SWNTs
dissolve in solvent. The major stabilization comes from Eele,
and there are also dipole moment changes (7 D for armchair
and 22 D for zigzag SWNTs) from SWNTring/off to SWNTring/on.
Macrocycle encapsulation reduces the hydrophobic surface of
the SWNT, and this helps the SWNT become soluble in water.
The structural readjustment by solvation for armchair SWNTs
may be a reason for the reduced difference in desolvation
energies between armchair and zigzag SWNTs. This structural
readjustment process costs more energy so that the more flexible
armchair SWNT is less favored for the wetted encapsulation
process.
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TABLE 4: Desolvation Energiesa
armchairoff/before
armchairon/minimum
stabilization
zigzagoff/before
zigzagon/minimum
stabilization
a

Etotal

Ebond

Eangle

Edih

EvdW

Estr-bend

Eele

DP

-4254.73
-4281.31
-26.58
-4170.56
-4206.96
-36.40

34.20
35.36
1.16
64.20
65.48
1.28

1263.32
1279.82
16.50
1216.48
1210.73
-5.75

1042.85
1034.77
-8.08
1053.20
1047.37
-5.83

-1865.06
-1846.91
18.15
-1716.04
-1713.11
2.93

-28.76
-26.61
2.15
-30.05
-30.97
-0.91

-4701.28
-4757.74
-56.46
-4758.36
-4786.47
-28.11

36.98
43.73
6.75
36.49
58.51
22.02

All energies are in kilocalories per mole, and dipole moment (DP) is in debyes.

Conclusions
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