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In an effort to gain insight into the effect of carbon nanotube confinement on reaction enthalpies and activation
energies, calculations using hybrid density functional theory have been carried out for the Menshutkin SN2
reaction in gas phase and inside carbon nanotubes. The polarizability of the carbon nanotubes provides an
interaction mechanism, which leads to the stabilization of confined dipolar species. Inside hydrogen-terminated
(8,0) and (9,0) carbon nanotubes, the activation energy and reaction endothermicity for the Menshutkin SN2
reaction are significantly reduced compared to those in the gas phase. Polarizable continuum models, using
dielectric constants calculated from the carbon nanotube polarizabilities, are found to provide results in
remarkable agreement with all electron nanotube-confined calculations, confirming the stabilization mechanism
and offering a cost-effective approach for further exploration of the effects of the carbon nanotube environment.
Overall, the effect of carbon nanotube confinement on reaction enthalpies closely resembles solvation in a
low-dielectric solvent. Therefore, chemical reactions in which there is a separation of charge along the reaction
coordinate may be enhanced inside fullerene-based materials because of their large electronic polarizabilities.

Introduction

Since their discovery by Iijima in 1991,1 carbon nanotubes
have become the focus of intense scientific investigation2-5

because of their remarkable mechanical6-9 and electronic
properties.10-13 In addition to their interesting physical proper-
ties, carbon nanotubes are structurally well defined in terms of
chirality and tube diameter, making them a unique nanoscale
environment in which chemical reactions may be carried out.
Compared to the gas phase, reaction energetics, mechanism,
and dynamics could be significantly altered inside of carbon
nanotubes because of their large electronic polarizabilities and
because of the severely reduced reaction volume. The use of
carbon nanotubes as nanoscale reaction vessels is an exciting
possibility.

Experimentally, carbon nanotubes have been filled with a
variety of materials. Ugarte et al.14 filled carbon nanotubes with
molten AgNO3 and then created pure Ag particles inside the
nanotubes by electron-beam-mediated reduction. Carbon nano-
tubes have also been filled with materials such as KI,15 Ag,
Au, AuCl,16 ZrCl4,17 and even C60 and higher fullerenes.18-23

Inorganic nanorods have been synthesized through carbon
nanotube confined reactions. For example, Ga2O vapor and NH3
were reacted inside carbon nanotubes to create GaN nanorods
with diameters determined by the radius of the nanotubes.24

Si3N4 nanorods were also synthesized in a similar fashion.24

In the condensed phase, chemical reactivity can change
dramatically because of the polarizability of the surrounding
medium. In solution, dipolar reactions can be either suppressed
or enhanced depending on the nature of charge separation and
the reaction symmetry. It is reasonable to expect that confine-
ment inside carbon nanotubes might have similar effects, given
their large electronic polarizabilities.

In theoretical investigations examining medium effects on
chemical reactivity, the Menshutkin SN2 reaction25,26 is often
studied.27-31 Menshutkin reactions, in which the reactants are
neutral and the product species are formally charged, are quite
sensitive to the polarity of the surrounding environment,
becoming more favorable with increasing polarizability, which
stabilizes the separation of charge throughout the reaction.
Medium effects, even in a solvent with a very low dielectric
constant, result in a reduction in reaction barrier and a decrease
in overall endothermicity. Consider, for example, a theoretical
study by Rivail and co-workers,32 in which the reaction barrier
and overall endothermicity for H3N + H3CCl in a solvent with
a dielectric constant of onlyε ) 1.88 (n-hexane) were reduced
by ca. 9 and 63 kcal/mol from gas phase, respectively.

In the present study, the effect of confinement inside carbon
nanotubes on chemical reaction enthalpies and activation
energies is investigated. Calculations are carried out for the
simplest Menshutkin SN2 reaction in the gas phase and inside
(8,0) and (9,0) carbon nanotubes for comparison. The proximity
effect of the dipolar stabilization of fullerene materials is
estimated using a model graphitic sheet. Also, the stabilization
mechanism and the effectiveness of a polarizable continuum
model to represent the effects of nanotube confinement are
examined.

Theoretical Methods

The calculations described here were performed using the
Gaussian suite of programs.33 The calculations were carried out
using the B3PW91 hybrid density functional, corresponding to
Becke’s three-parameter exchange functional (B3)34 with Perdew
and Wang’s gradient-corrected correlation functional (PW91).35

The molecular reaction system was represented with the 6-31G
split valence basis set, augmented with one set of diffuse and
one set of polarization functions on heavy atoms, 6-31+G*,36-38

and the carbon nanotubes were represented with the 3-21G split
valence basis set.39,40Transition state optimizations in a polariz-
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able medium were carried out using the Onsager dipole model,41

and for comparison with the all electron nanotube calculations,
single-point calculations were carried out using the isodensity
polarizable continuum model (IPCM).42

Results and Discussion

Gas-Phase Menshutkin SN2 Reaction.The Menshutkin SN2
reaction studied in the present work is the simplest system in
which an amine is alkylated by an alkyl halide. Choosing
ammonia as the nucleophile and methyl chloride as the methyl
transfer reagent gives chloride as the anionic leaving group.

The gas-phase energies and relevant structural parameters
computed at the B3PW91/6-31+G* level of theory are presented
in Table 1. Hybrid density functional theory along with the
6-31+G* basis set has recently been shown to perform very
well in describing Menshutkin reactions.27 The critical points
were optimized enforcingC3V symmetry and were verified by
subsequent frequency calculations. The reaction profile for the
Menshutkin SN2 reaction is an asymmetric double-well potential.
The first minimum corresponds to a reactant dipole complex
formed as the separated reactant molecules approach and their
dipole moments align. The reactant dipole complex is only 1.2
kcal/mol lower in energy than the separated reactants, and
association has a very small effect on the structural parameters
as shown in Table 1. The transition state lies 32.7 kcal/mol
higher in energy than the reactant dipole complex. The geometric
parameters in Table 1 show a transition state late on the reaction
coordinate, as indicated by the advanced degree of hydrogen
inversion about the central carbon atom and the extended
carbon-chlorine bond. The second minimum corresponds to
an ion pair product that is similar in structure to the transition
state and only slightly more stable (ca. 1 kcal/mol). The
B3PW91/6-31+G* results described here are in excellent
agreement with those reported by Castejon and Wiberg using a
comparable level of theory, which was found to agree very well
with experimental data.27

A reaction path linking the reactant dipole complex and the
product ion pair was calculated by performing a series of
constrained optimizations, systematically varying the ammonia-
methyl N-C bond length (RN-C). The gas-phase Menshutkin
reaction path is shown in Figure 1. From Table 1 and Figure 1,
it can be seen that the gas-phase Menshutkin SN2 process is
quite endothermic, ca. 32 kcal/mol, with a sizable reaction
barrier, ca. 33 kcal/mol. The dipole moments of the reactant
complex, transition state, and ion pair are calculated to be 4.38,
13.42, and 16.17 D, respectively. A profile of the dipole moment

along the path linking reactants and products is also shown in
Figure 1 (inset). As evident from the increasing dipole moment,
the separation of charge during the course of this reaction is
quite large, providing the opportunity for enormous stabilization
in polarizable condensed media.

Effect of Carbon Nanotube Environment.A carbon nano-
tube may be considered as a hollow cylinder formed by rolling
up a graphite sheet. The chirality and diameter of a carbon
nanotube is uniquely defined by a vector (n, m) ) na + mb;
wherea andb denote the unit vectors of the hexagonal lattice
and n and m are integers. The hydrogen-terminated carbon
nanotubes used in this work are the (8,0) and (9,0) zigzag
nanotubes with stoichiometries of C96H16 and C108H18, respec-
tively. The carbon nanotubes were fully optimized at the
B3PW91/3-21G level of theory, enforcingD8h and D9h sym-
metry. The average diameters of the optimized nanotubes are
6.35 and 7.12 Å for the (8,0) and (9,0) nanotubes, and the C to
C length of the nanotubes is 11.37 Å.

The electronic polarizability of carbon nanotubes has been
the subject of numerous studies because of their potential
use as novel photonic materials and molecular electronic
elements.43-45 The axial polarizability of carbon nanotubes has
been found to be much larger than the radial polarizability and
is dependent on nanotube length.43-45 Dipolar species confined
within or in the interstitial spaces between carbon nanotubes
can interact with an induced image dipole becoming stabilized
relative to the gas phase.

To examine this effect, the optimized structures lying on the
reaction path linking reactants and products were placed at the
center of the optimized nanotubes and single-point energy

TABLE 1: Gas-Phase and Polarizable Continuum Model Critical Point Geometric Parameters and Energies for the
Menshutkin SN2 Reaction Computed Using the B3PW91/6-31+G* Level of Theory

RC-N (Å) RC-Cl (Å) ∠HCCl (deg) µ (D) ESCF(au) Erel
a (kcal/mol)

Gas Phase
separated NH3 and H3CCl 1.790 108.7 3.99 -556.578 349 1.2
H3N‚‚‚H3CCl 3.512 1.795 108.9 4.38 -556.580 257 0.0
[H3N‚‚‚H3C‚‚‚Cl]+ 1.773 2.515 79.7 13.42 -556.528 187 32.7
H3NCH3

+‚‚‚Cl- 1.580 2.756 72.7 16.17 -556.529 771 31.7

PCM (ε ) 2.876)
[H3N‚‚‚H3C‚‚‚Cl]+b 2.006 2.354 87.7 12.57 -556.555 216 17.7c

PCM (ε ) 2.410)
[H3N‚‚‚H3C‚‚‚Cl]+b 1.979 2.371 86.8 12.68 -556.552 299 19.2c

a Relative energies calculated with respect to the reactant dipole complex.b Structure optimized using the Onsager model and subsequent energy
computed using IPCM.c Estimated from IPCM energies for structures early on the reaction path.

H3N + H3CCl f H3NCH3
+ + Cl-

Figure 1. Gas-phase potential energy curve for the Menshutkin SN2
reaction and energy curves for the gas-phase structures inside (8,0)
and (9,0) carbon nanotubes, for comparison. The inset shows the profile
of the dipole moment along the path linking reactants and products for
the Menshutkin reaction.

1922 J. Phys. Chem. B, Vol. 106, No. 8, 2002 Halls and Schlegel



calculations were performed to evaluate changes in the relative
energies compared to the gas phase. The Menshutkin system
and the carbon nanotubes were represented by the 6-31+G*
and 3-21G basis sets, respectively. The centers of mass and
symmetry axes of the reaction structures were aligned with those
of the carbon nanotubes, as shown for the ion pair product inside
the (8,0) nanotube in Figure 2. The potential energy profiles
inside the (8,0) and (9,0) carbon nanotubes are shown in Figure
1 for comparison with the gas-phase results. The gas-phase curve
shows a very asymmetric double-well potential with a late
transition state having a reaction barrier of ca. 33 kcal/mol, with
the overall process being significantly endothermic. Inside the
carbon nanotubes, the relative energies change dramatically.
First, the ion pair structure is much more stable relative to the
reactant dipole complex, making the overall reaction more
favorable. Within the (8,0) and (9,0) carbon nanotubes, the
reaction endothermicity is reduced by more than 27 and 23 kcal/
mol, respectively. Second, Figure 1 indicates that the transition
state shifts toward the reactants and is stabilized giving a reduced
activation energy in agreement with the Hammond postulate.46,47

Within the (8,0) and (9,0) carbon nanotubes, the reaction barrier
is decreased by an estimated 13 and 12 kcal/mol, respectively.

In predicting electronic response properties such as the
polarizability, the quality of the basis set employed is the most
important factor in obtaining quantitative results.48-50 In the
present work, the use of a basis set more extensive than 3-21G
to represent the carbon nanotubes would have proved too costly.
For calibration sake, polarizability calculations were carried out
for C60. The B3PW91/3-21G level of theory underestimates the
electronic polarizability of C60 (64.9 Å3) by approximately 15%,
compared to a recent experimental determination (76.5 Å3).51

Therefore, the stabilizing effect on dipolar species inside carbon
nanotubes may be underestimated in the current work by a
proportional amount.

Proximity Effect. In addition to the effect on relative reaction
enthalpies of being inside carbon nanotubes, it is of general
interest to investigate the stabilizing effect on dipolar reactions
of being in the proximity of graphitic materials. For example,
reaction enthalpies for chemical species in the interstitial spaces
between carbon nanotubes, on a graphite surface, or in a thin
film of C60 molecules could be affected in a similar fashion as
those inside carbon nanotubes. To provide an estimate of the
proximity effect, calculations were carried out using a small
graphite sheet.

A hydrogen-terminated fragment of a graphite sheet, C42H18,
was fully optimized withinD2h symmetry at the B3PW91/3-
21G level of theory. For each of the gas-phase optimized
reaction path structures linking the Menshutkin reactant dipole
complex and the ion pair product, single-point calculations were
performed fixing theC3V symmetry axis of the reaction system
at various distances from the graphite sheet. The resulting
potential energy curves for 5.00, 3.75, 3.25, 3.00, and 2.50 Å
from the graphite sheet are shown in Figure 3, along with the
gas-phase curve for comparison. The potential energy curves
in the range 5.00-2.50 Å bridge the gap between the gas-phase
relative energies and those closely resembling the nanotube-
confined reaction path curves. The stabilizing effect of close
proximity to a graphitic structure on dipolar species is clear.
The reaction barrier and overall endothermicity are reduced by
ca. 1.5 and 2.2, 4.0 and 6.4, 5.6 and 10.0, 6.6 and 12.8, and 7.9
and 21.0 kcal/mol for the distances 5.00, 3.75, 3.25, 3.00, and
2.50 Å, respectively.

Polarizable Continuum Models of Nanotube Confinement.
Theoretical investigations of the effect of solvation on chemical
reactivity and molecular properties often use a polarizable
continuum model (PCM) because of its simplicity, flexibility,
and efficiency. In a PCM calculation,52 the reacting system is
placed inside a cavity embedded in a polarizable continuum
with a fixed dielectric constant characteristic of the polar solvent.
Given the physical nature of the composite molecule/carbon
nanotube system considered here, it is reasonable to expect to
recover a significant fraction of the stabilizing effect by using
such an approach.

To employ a PCM approach to evaluate its capability to
model the effects of nanotube confinement on the Menshutkin
relative energies, effective dielectric constants must be derived
for the (8,0) and (9,0) nanotubes used here. The optical dielectric
constant of a medium is determined by its polarizability through
the Clausius-Mossotti relation:53-55

whereF is the number density of the constituents andR is the
polarizability.

The polarizability of the (8,0) and (9,0) carbon nanotubes,
calculated at the B3PW91/3-21G level of theory, is summarized
in Table 2. The axial polarizability for both nanotubes is
calculated to be roughly three times larger than the radial
polarizability, with an axial polarizability per carbon atom of
ca. 3.80 and 3.54 Å3 for the (8,0) and (9,0) nanotubes. From

Figure 2. Menshutkin SN2 ion pair product structure inside the (8,0)
carbon nanotube as viewed down the symmetry axis of the nanotube
(top) and from the side (bottom, nanotube sidewall removed for clarity).

Figure 3. Gas-phase potential energy curve for the Menshutkin SN2
reaction and energy curves for the gas-phase structures at distances of
5.00, 3.75, 3.25, 3.00, and 2.50 Å from a C42H18 graphene sheet.

ε ) 1 + FR(1 - 1/3FR)-1 + 1/3F
2R2
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the optimized geometries, the (8,0) and (9,0) carbon nanotubes
have a C to Cinner volume of 359.9 Å3 and 453.1 Å3,
respectively. Through the use of the Clausius-Mossotti relation,
the effective dielectric constants for chemical processes inside
the (8,0) and (9,0) carbon nanotubes are 2.876 and 2.410.

To evaluate the effectiveness of a PCM approach in modeling
the effect of nanotube confinement on the Menshutkin SN2
enthalpies and activation energies, isodensity polarizable con-
tinuum model calculations were carried out for the gas-phase
reaction path structures using the derived effective dielectric
constants. For the isodensity polarizable continuum model
(IPCM),42 the cavity shape is determined by the electronic
isodensity surface (0.0004 e/au3) of the H3N + H3CCl structures.
The potential energy profiles using IPCM (2.876) and IPCM
(2.410) are shown in Figure 4, along with the all electron (8,0)
and (9,0) carbon nanotube confined results for comparison. The
agreement between the all electron and the IPCM energies is
impressive, confirming the stabilization mechanism. The effec-
tive dielectric IPCM energies for the Menshutkin relaxed path
structures are within 1 kcal/mol of the all electron nanotube-
confined energies.

The transition state for the Menshutkin SN2 reaction was
optimized using an effective dielectric model (ε ) 2.410) and
inside the (9,0) carbon nanotube for comparison as an additional
test of the performance of the effective dielectric approach for
modeling the effect of carbon nanotube confinement. Inside the
(9,0) carbon nanotube, the transition state was optimized
neglecting the nanotube degrees of freedom, aligning the
symmetry axes of the Menshutkin reaction system and carbon
nanotube, and fixing the methyl carbon at the center of the
nanotube. The effective dielectric transition state was optimized
using the simplest reaction field model, the Onsager dipole

model,41 which includes only dipole interactions and uses a
spherical cavity shape. The Onsager transition state was verified
by a subsequent frequency calculation, which gave a single
imaginary frequency. Work by Foresman et al.42 has shown that
the simple Onsager dipole model satisfactorily recovers most
of the geometry changes due to solvent effects. The transition
state geometric parameters from the all electron calculation
optimized inside the (9,0) carbon nanotube are shown in Figure
5, along with the Onsager results (in parentheses) for compari-
son. The structures from the two treatments are in good
agreement, lending further support for the effectiveness of
dielectric calculations to model the effect of carbon nanotube
confinement.

The (9,0) carbon nanotube confined reaction barrier can be
calculated by comparing the energy of the optimized Onsager
transition state structure calculated using IPCM (2.410) to the
IPCM energies for the structures early on the gas-phase reaction
path. A comparison yields a reaction barrier of ca. 19.2 kcal/
mol, which is reduced from the gas-phase barrier by ca. 13.5
kcal/mol. This value is comparable to the barrier derived from
the all electron nanotube-confined gas-phase reaction path results
and is in good agreement (within 0.5 kcal/mol) with the barrier
calculated from the fully optimized transition state inside the
(9,0) carbon nanotube, which gives a barrier of ca. 18.7 kcal/
mol.

Optimization of the transition state using the Onsager model
followed by an IPCM energy calculation using the effective
dielectric constant derived for the (8,0) carbon nanotube gives
a reaction barrier of 17.7 kcal/mol, which is reduced from the
gas-phase barrier by ca. 15 kcal/mol. The Onsager optimized
transition state structural parameters and IPCM barrier heights
using the effective dielectric constants are summarized in Table
1.

Conclusions

The effect of confinement inside (8,0) and (9,0) carbon
nanotubes on the Menshutkin SN2 reaction enthalpies and
activation energy was investigated using hybrid density func-
tional theory. Inside the carbon nanotubes, the reaction barrier
and overall endothermicity is significantly reduced compared
to that in the gas phase. The proximity effect on dipolar
stabilization by a small graphite sheet was also examined.
Effective dielectric constants for use in polarizable continuum
models of confinement inside the (8,0) and (9,0) nanotubes were
derived from the nanotube polarizabilities. The polarizable
continuum calculations provided results in excellent agreement
with the all electron calculations, confirming the stabilization
mechanism and offering a cost-effective approach to exploring
further nanotube-confined chemistries. Overall, the effect of
confinement of a reaction system inside a carbon nanotube
closely resembles solvation in a low-dielectric solvent. Chemical
reactions in which there is a large separation of charge along

TABLE 2: Polarizabilities for the (8,0) and (9,0) Carbon
Nanotubes Computed at the B3PW91/3-21G Level of Theory

(8,0) carbon
nanotube

(9,0) carbon
nanotube

stoichiometry C96H16 C108H18

symmetry D8h D9h

tube diameter (Å) 6.35 7.12
polarizability
Rxx ) Ryy (Å3) 136.22 138.06
Rxy ) Rxz ) Ryz (Å3) 0.00 0.00
Rzz (Å3) 365.04 382.12
Rzzper C atom (Å3) 3.80 3.54
isotropicR (Å3) 212.49 219.41
effective dielectric constant 2.876 2.410

Figure 4. Energy curves for the Menshutkin SN2 reaction gas-phase
structures inside the (8,0) and (9,0) carbon nanotubes and in isodensity
polarizable continuum models using the derived effective dielectric,
for comparison.

Figure 5. Menshutkin SN2 transition state geometric parameters
optimized inside the (9,0) carbon nanotube and using the Onsager model
using the derived effective dielectric ofε ) 2.410 (in parentheses).
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the reaction coordinate may be enhanced inside fullerene-based
materials because of their large polarizabilities.
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