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Theoretical investigations on single-walled carbon nanotubes (SWNTs) functionalized by Bingel reaction were
conducted using finite-length models based on density functional theory. The electronic structures of the adduct with
Type 1 configuration, where the circumferential C­C bonds in sidewall are reacted with a malonate anion, are largely
retained after the functionalization owing to the sidewall opening at the C­C bond between the bridgehead carbons. In
contrast, Type 2 configurations, where the axial C­C bonds are the reaction sites, cause significant change in the
electronic structures. Taking into account the experimental results that the electronic properties of SWNTs are largely
maintained, Type 1 configurations are formed selectively. In addition, calculations on energies of transition states,
intermediates, and products suggest that Type 1 geometry is thermodynamically favorable but kinetically unfavorable
compared to Type 2. This indicates the occurrence of isomerization from Type 2 to Type 1 after the Bingel reaction,
attaining both of the preservation of electronic structure and the improvement of solubility with the high concentration of
the addend group.

Single-walled carbon nanotubes (SWNTs) are current targets
of general interest for their unique optical, electronic, thermal,
and mechanical properties, particularly in connection with
applications in various molecular devices.1­3 However, the poor
dispersibility of SWNTs due to the bundle formation in organic
and aqueous solvents has hindered solution-phase processing.
Covalent functionalizations4­19 and supramolecular modifica-
tions20­22 of SWNTs provide a facile method to access SWNT
derivatives with lower tendency to form bundles and better
dispersion capabilities in solution as well as additional
functionalities. A variety of reactants such as azomethine
ylides6­8 and aryl radicals9,10 have been utilized previously to
effect covalent modifications at the sidewalls of the SWNT. It
must be noted, however, that the covalent functionalization of
the SWNT sidewall causes an increase in saturation on the
nanotube surface, which involves the formation of saturated sp3

bonds on the nanotube surface. Point changes in the hybrid-
ization of sidewall atoms from sp2 to sp3 results in significant
alternations of the electronic properties of the nanotube, when
compared to pristine SWNTs. Therefore, it is a challenge to
exploit covalent modification method that allows us to achieve
retention of the intrinsic electronic properties as well as
sufficient solubility of SWNTs after covalent functionalization.

One of the most successful methods reported for the covalent
functionalization of SWNTs is the reaction of a dichlorocar-
bene with pristine SWNTs to form dichloromethylene addends
that bridge two carbon atoms of the nanotube sidewall.11­13

Theoretical investigations predicted that the dichloromethylene

adduct adopts two different configurations along the nanotube
sidewall.14­19 The first type is a closed configuration, where a
cyclopropane ring is formed on the nanotube sidewall. The
second is an open configuration, in which the dichloromethyl-
ene moiety is adsorbed on an open site on the nanotube created
by a rupture of the bottom C­C bond in the sidewall. The
addition reactions at the circumferential C­C bonds in the
sidewall form the open configuration, while axial C­C bonds
undergo the cyclopropanation (closed configuration).14­19 Re-
cent theoretical studies indicated that if sidewall modification at
the ratio of one carbene per ca. 100 sidewall carbons, and the
modifications occurred via the open configuration, the elec-
tronic structure and the electrical conductance of pristine
SWNTs are preserved upon sidewall functionalization.23,24

However, the present synthetic methodology available makes
it difficult to achieve the required addend conformation to
promote the open configuration.

Another example of methylene additions onto SWNT
sidewalls is the nucleophilic cycloaddition of the malonate
carbanion, namely the Bingel reaction. This particular reaction
was initially applied for the introduction of functionality onto
C60 fullerenes25,26 and recently to SWNTs.27­29 Our recent
experimental study on the sidewall functionalization of SWNTs
using the Bingel reaction revealed that the degree of the
sidewall functionalization (one addend per 75­300 carbon
atoms of SWNTs) was controllable by changing the output
power of microwave heating in the synthetic procedure.29 Of
greater significance, it was found that the electronic properties
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of SWNTs were largely unperturbed after the sidewall
modification procedure via the microwave-assisted Bingel
reaction.29 This result is in remarkable contrast with the
dichlorocarbene addition reaction (one addend per 100 carbon
atoms of SWNTs), which resulted in the loss of the electronic
properties of the SWNT.11 Although the sole theoretical study
on site-selectivity of double cyclopropanation reactions was
recently reported,30 systematic theoretical investigations to
enable comparisons of the theoretical data with experimental
results of Bingel reaction using SWNTs have yet to be
conducted.

Herein, we report the first theoretical investigations on the
electronic structure of SWNT models functionalized via the
Bingel reaction using dimethyl malonate through the use of
density functional theory (DFT) calculations. The outcomes of
the theoretical studies are compared with previously obtained
experimental results for the first time.29 Likewise the addition
reaction of dichlorocarbene,11­19 it was revealed that the
binding configurations of the dimethyl malonate with respect
to the tube axis is a critical factor to control in order to preserve
the electronic structure of the SWNT. In addition to this, the
reaction pathway of the Bingel reaction31 was studied using
theoretical SWNT models with different binding configurations
of malonates on the SWNT models. Although the energy
profiles for the dichlorocarbene addition was already report-
ed,16 those for the malonate anion addition to SWNT sidewalls
have not been investigated so far.

Computational Details

We chose (8,8) armchair and the (10,5) chiral tubes as
representative examples in this study because resonant Raman
spectra revealed the involvement in SWNT samples used in
previous experimental investigations.29 The (8,8) and (10,5)
SWNTs have similar diameters of ca. 1.1 nm with metallic and
semiconducting characters, respectively.32 Finite-length nano-
tubes terminated by H atoms were employed as the models for
the pristine (8,8) and (10,5) SWNTs (C144H30 and C140H32,
respectively). Dimethyl malonate was used as the addend, in
place of benzyl 2-ethylhexyl malonate used in the experimental
study,29 in order to simplify the models. Although iodine
reacted with benzyl 2-ethylhexyl malonate in the presence of
base to produce the corresponding ¡-iodomalonate anion in
an experimental study,29 we chose to employ the dimethyl

chloromalonate carbanion instead of the iodomalonate carban-
ion as the substrate of the Bingel reaction for the theoretical
investigation on the reaction mechanism, in order to reduce the
calculation cost.

In the (8,8) nanotube, there are two types of C­C bonds that
can participate in the cyclopropanation reaction, the difference
being that they are either perpendicular or slanted to the axis of
the nanotube. The (10,5) fragment also provides circumfer-
ential and axial C­C bonds as reaction sites. For convenience,
we label the SWNTs functionalized at perpendicular and
circumferential C­C bonds as Type 1 and SWNTs reacted at
the slanted and axial bonds as Type 2. The models of SWNTs
functionalized by Bingel reaction in this study possess one
malonate group at the center of the fragment sidewall.

The geometry optimizations and electronic structure calcu-
lations of the SWNT models were performed using B3LYP
functional and 3-21G basis set implemented in Gaussian03
program package.33 All minima were characterized to have zero
imaginary frequency, and all transition states show only one
imaginary frequency. Molecular orbitals were visualized by
MolStudio R4.0, NEC Corporation, 2004. In contrast to the
study on the dichlorocarbene addition,16 we have taken into
account the solvent effect to estimate the energies of the anionic
compounds properly by single-point energy calculations with
the polarizable continuum model (PCM)34 with the B3LYP/3-
21G method using the optimized geometries obtained at the
same level of theory (B3LYP/3-21G). We used chlorobenzene,
of which data are implemented in the Gaussian 03 program
package, for the solvent effect calculation due to the resem-
blance of the structure with o-dichlorobenzene used as the
reaction medium in the experimental study.29 B3PW91/PCM/
3-21G was also employed for the single-point energy calcu-
lations.

Results and Discussion

Structures, Formation Energies, and Electronic Proper-
ties. The optimized structures of the (8,8) and (10,5) nanotube
models functionalized by Bingel reaction with Type 1 and 2
configurations were calculated at the B3LYP/3-21G level and
are depicted in Figure 1 and Figure S1 (Supporting Informa-
tion), respectively. The binding geometries are quite different
for the respective binding types as reported for the addition of
dichlorocarbene to SWNTs.14­19 Table 1 lists the computed

Figure 1. Optimized geometry of the (8,8) nanotube models functionalized by Bingel reaction.
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characteristic bond lengths between the two carbon atoms to
which the addend is attached (dC1­C2) and between the bridged
carbon atom and one the addend is attached (dC1­C*), as defined
in Figure 1. In both of the (8,8) and (10,5) models, dC1­C2
values in Type 2 configuration (1.56­1.57¡) are rather com-
parable to the C­C bond length in the pristine (8,8) and (10,5)
nanotube models (1.43­1.44¡). This suggests that Type 2
configurations favor the closed three-membered ring structure.
On the other hand, Type 1 configurations result in the dC1­C2
separation of µ2.2¡, indicating the opened sidewall structure
of nanotubes, which is in sharp contrast with selective
formation of 6,6-closed adducts in C60.25,26 This different
behavior in Type 1 and Type 2 can be attributed to the large
curvature of (8,8) and (10,5) SWNT sidewalls with small
diameter (µ1.1 nm). The sidewall opening has significant
effects on the electronic structures of the functionalized
nanotubes (vide infra).

To assess the adsorption energies of the C(CO2Me)2
group on the sidewall of SWNTs, we consider the reaction
between the pristine nanotube models and dimethyl ¡-
chloromalonate anion, CCl(CO2Me)2¹. The formation energies
(Ef) of SWNT­C(CO2Me)2 are defined as Ef = E[SWNT] +
E[CCl(CO2Me)2¹] ¹ E[SWNT­C(CO2Me)2] ¹ E[Cl¹], where
E[SWNT], E[CCl(CO2Me)2¹], E[SWNT­C(CO2Me)2], and
E[Cl¹] correspond to the total energies including the solvent
effects of the nanotube models, dimethyl chloromalonate anion,
the adduct, and chloride ion. Table 1 summarizes the values of
Ef calculated at the B3LYP/3-21G level and shows a strong
dependence between the formation energy and the binding
configuration. Specifically, Type 1 geometries were found to be
more thermodynamically favorable than Type 2 in both (8,8)
and (10,5) nanotube models, in the same manner for the
addition of dichlorocarbene to SWNTs.14­19 This trend was also
corroborated by the Ef values computed using B3PW91
functional instead of B3LYP for the single-point energy
calculations (Table 1).

Figure 2 displays the orbital energy diagrams of the nano-
tube models functionalized by Bingel reaction as well as the
pristine nanotubes. In both (8,8) and (10,5) nanotube models,
the addition of dimethyl malonate with Type 2 configuration
makes a significant change in the orbital energies, as well as
orbital splitting, whereas Type 1 binding causes little effect on
the orbital energies of the pristine nanotubes. Furthermore, the
plots for HOMO, HOMO¹1 (the lower-lying orbital below

HOMO), and HOMO¹2 (the lower-lying orbital below
HOMO¹1) of the functionalized (8,8) nanotube with Type 1
configuration reveal the orbital lobes spread symmetrically
throughout the tube, as in the case of the pristine tube
(Figure 3). In contrast, the lobes in Type 2 geometry are less
symmetrically distributed (Figure 3) than those in Type 1. The
difference in the orbital contour distribution appears to be
dependent on the adduct configurations and is consistent with
the orbital energy diagrams (Figure 2). Thus, we can safely
conclude that SWNTs functionalized by Bingel reaction with
Type 1 configuration largely preserve the electronic structures
of the pristine nanotubes.14­19,23 This preservation in Type 1
configuration may stem from the recovery of the sp2 hybrid-
ization on the nanotube sidewall by the bond cleavage between
the bottom carbons. More importantly, the malonate group
should be added selectively with thermodynamically favorable
Type 1 configurations, considering the experimental results that
the electronic properties of the corresponding functionalized
SWNTs are largely preserved after Bingel reaction.29

Energy Profiles for the Addition of CCl(CO2Me)2¹ to the
Nanotube Models. As proposed for the mechanism of the
Bingel reaction using fullerenes,25,26 the reaction mechanism
using SWNTs can be considered as follows. First, CX(CO2R)2¹

(X = halogen) reacts with the electron-deficient ³-electron
system of SWNTs in a nucleophilic addition manner to yield an
intermediate [SWNT]¹­CX(CO2R)2. Then, the generated carb-
anion at the sidewall causes intramolecular substitution of the
halogen to form a cyclopropane ring structure. In the case of
Type 1 configuration, the C­C bond between the bottom
carbons at sidewall is cleaved simultaneously. There are
various plausible pathways for the selective formation of
thermodynamically favorable Type 1 configuration (i.e., the
exclusive formation of Type 1 geometry by the Bingel reaction,
the occurrence of the rearrangement from Type 2 to Type 1
after the nonselective formation of both configurations, etc.).
Note that the addition of diazo compounds to C60 yielded
kinetically favorable methanofullerenes with [6,5]-open geom-
etry, and the subsequent heating caused the thermal rearrange-
ment to afford the thermodynamically more stable [6,6]-closed
isomers.35,36 To shed light on the reaction process of Bingel
reaction using SWNTs, studies on reaction transition states and
intermediates are required. Therefore, the energy profiles for
the addition of CCl(CO2Me)2¹ to the (8,8) and (10,5) nanotube
models are investigated here.

Table 1. Characteristic Bond Lengths and Formation
Energies of the Nanotube Models Functionalized by
Bingel Reaction

SWNT Type dC1­C2/¡ dC1­C*/¡ Ef/kcalmol¹1

(8,8) 1 2.23 1.53 24.1a) (29.0)b)

(8,8) 2 1.57 1.57 15.1a) (16.4)b)

(10,5) 1 2.21 1.49 27.4a) (29.0)b)

(10,5) 2 1.56 1.54 6.1a) (13.2)b)

a) Single point energies were computed in chlorobenzene at the
B3LYP/3-21G level of theory. b) Single point energies were
computed in chlorobenzene at the B3PW91/3-21G level of
theory. Figure 2. Orbital energy diagrams of (A) (8,8) and (B)

(10,5) nanotube models for (a) pristine, (b) Type 1, and
(c) Type 2.
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Figures 4 and 5 exhibit the schematic energy profile and the
structures of transition states and intermediates, respectively,
for the addition of the geometrically optimized CCl(CO2Me)2¹

to the C­C bond of the (8,8) nanotube. The calculations were
conducted at the B3LYP/3-21G and B3LYP/PCM/3-21G
levels for geometry optimizations and single-point energies.
The first transition state (TS1) is encountered on approach of
CCl(CO2Me)2¹ to the C­C bond of the (8,8) nanotube. The
energy of TS1 is higher by ca. 6 kcalmol¹1 with respect to the
separated reactants. The next stationary point along the reaction
path is the intermediate IM, which is characterized by the short

C1­C* bond of 1.61¡, suggesting the bond formation. The
energy of IM is comparable to the separated reactants. Finally,
there are additional transition states TS2-1 and TS2-2 toward

Figure 3. Molecular orbitals corresponding to HOMO,
HOMO¹1, and HOMO¹2 of the (8,8) nanotube model
for (a) pristine, (b) Type 1, and (c) Type 2. (A) Side view
and (B) top view from the reaction sites.

SWNT + 
CCl(CO2Me)2

-
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Figure 4. Schematic energy profile (kcalmol¹1) for the
addition of CCl(CO2Me)2¹ to the C­C bond of the (8,8)
nanotube with Type 1 and Type 2 configurations. Geom-
etry optimizations were performed in the gas phase at the
B3LYP/3-21G level of theory; single point energies were
computed in chlorobenzene at the B3LYP/PCM/3-21G
level.

Figure 5. Structures of transition states and intermediates
for the addition of CCl(CO2Me)2¹ to the C­C bond of the
(8,8) nanotube. (a) TS1, (b) IM, (c) TS2-1, and (d) TS2-2.
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the product with Type 1 and Type 2 configurations, respec-
tively, where the ring-closure reactions and the leaving chloride
anion occur. The bond length between bottom carbons (dC1­C2)
in TS2-1 (1.58¡) is still comparable to those in IM and TS2-2
(1.54¡). It is noteworthy that the barrier height from IM to
TS2-1 (28.5 kcalmol¹1) is much higher than that from IM to
TS2-2 (11.5 kcalmol¹1), suggesting the kinetically unfavorable
formation of the Type 1 configuration. Similarly, the higher
activation energy from the intermediate to the second transition
state toward Type 1 configuration is predicted for the reaction
between CCl(CO2Me)2¹ and the (10,5) nanotube model
(Figure S2 and Figure S3, Supporting Information). Further-
more, the higher activation energy toward Type 1 was also
supported by the energy profiles computed using B3PW91
functional instead of B3LYP for single-point energy calcula-
tions (Figure S4, Supporting Information).

These theoretical investigations provide valuable insight into
the previous experimental results of Bingel reaction using
SWNTs.29 In the experiments, we used partially soluble
SWNTs (a-SWNT), which were prepared by acid treatment
and the subsequent formation of amide linkages between
alkylamine and carboxy group at the tips and defect sites.
Bingel reaction using a-SWNT at room temperature for 24 h
yielded modified SWNTs with the functionalization ratio of
one malonate unit per 270 carbon atoms of SWNT sidewall.
The low addend density at the sidewall may rationalize the
small change in the electronic structure after the reaction. On
the other hand, microwave heating of the reaction mixture
shortened the reaction time to less than 30min and improved
functionalization ratio up to one malonate unit per 75 carbon
atoms of SWNTs.29 Although the mechanism of SWNT­
microwave interactions remains incompletely understood, it is
known that SWNTs absorb microwaves strongly, producing
intense local heating.37 Therefore, SWNTs may possess
sufficiently large energy to surmount the energy barriers for
the second transition state under the microwave heating
conditions. This promoted significantly the addition of the
malonate onto the intact sidewall of SWNTs compared to the
reaction at room temperature. On the contrary, more kinetically
favorable products with Type 2 configurations than Type 1
configurations would be major on a theoretical basis of the
Bingel reaction mechanism. As frequently seen for the isomer-
ization of 6,5-open to 6,6-closed adducts of C60 by light and
heat,35,36,38 subsequent thermal rearrangements from Type 2
configuration to Type 1 may also be induced by the intensive
direct heating of f-SWNT using the microwave reactor, which
rationalizes the preservation of electronic structures of SWNTs
after the reaction.

Conclusion

Details of structures, formation energies, and electronic
properties of single-walled carbon nanotubes functionalized by
Bingel reaction have been revealed by DFT calculations with
finite-length nanotube models. The adducts with the binding
configuration perpendicular to the tube axis (Type 1) exhibit
the similar electronic structure to that of the pristine nanotubes
due to the sidewall opening at the C­C bond between the
bottom carbons. Selective formation of Type 1 configurations
is consistent with the previous experimental results that the

electronic properties of SWNTs are largely maintained.29 At the
current stage, real structures of covalently modified SWNTs
cannot be determined experimentally because of the complex
structures arising from difference in diameter, length, chirality,
and defects. In this regard, it is highly valuable to speculate the
bonding configurations by the combination of experimental and
theoretical studies. Moreover, the investigations on the energy
profiles of the transition states and the products reveal that the
addition with Type 1 geometry is more exothermic but kineti-
cally unfavorable compared to that with Type 2 geometry. This
implies the occurrence of thermal isomerization from Type 2 to
Type 1 after the Bingel reaction, allowing us to achieve the
preservation of electronic structure as well as the excellent
solubility of the covalently functionalized SWNTs. These
results will provide an important clue in the design of
functionalized carbon nanotubes that can exhibit both high
processability and retention of favorable electronic properties.

Numerical calculations were partly performed at Research
Center for Computational Science, Okazaki, Japan. H.I. thanks
Grant-in-Aid from MEXT, Japan (Priority Area of Molecular
Theory for Real Systems (No. 19029020)) for financial
support. T.U. thanks Dr. Simon Mathew (Kyoto University)
for valuable discussions.

Supporting Information

Optimized geometry of the (10,5) nanotube models, sche-
matic energy profile, and structures of the transition states and
the intermediate for the addition of CCl(CO2Me)2¹ to the
(10,5) nanotube. These materials are available free of charge on
the web at http://www.csj.jp/journals/bcsj/.
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