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ABSTRACT Fluorinated single-walled carbon nanotubes (F-SWNTs) form impor-
tant intermediates in SWNT sidewall functionalization, leading to a variety of
materials and biological applications. By simulating the infrared (IR) signals for
the 1,2- and 1,4-addition structures, in which fluorine atoms are arranged in ortho
or para positions, respectively, on the aromatic skeleton of the (10,10) SWNT
surface, we identify peaks that are unique to each structure. Our full molecular
dynamics simulations show that the [—C(sps)—C(sps)—] collective vibrational peak
at 400 cm™ ! is optically active only in the 1,2-isomer, while the 1300 cm™' band
arising due to the F—C(sp°) stretching motion coupled with the neighboring C(sp?)
atoms is seen in the IR spectrum of only the 1,4-isomer. The reported results
suggest simple and clear experimental means for distinguishing between the two
fluorinated structures and provide a valuable tool for controlled SWNT sidewall
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motivated by a variety of electronics,>” "’ biological,
materials,'®~%* energy, > *” and other applications. Chemi-
cal functionalization of CNT sidewalls provides one of the
most efficient routes to the desired property control. Exam-
ples are abundant. Addition of fluorinated olefins and chlorine
atoms represents an effective approach toward converting
commercial mixtures of metallic and semiconducting CNTs
into high-mobility semiconducting tubes.*” Functionalization
with carboxylic acid, nitroso, and maleic anhydride groups
allows one to control CNTcharging.”® The CNT optical proper-
ties can be selectively modified by fluorination.” Functionali-
zation and bioconjugation of CNTs have led to multiple
protocols for biomedical applications, including biological
imaging, labeling, sensing, and drug delivery.'*~'® Key biolo-
gical advantages of functionalized carbon nanotubes include
their excellent ability to translocate through membranes
while retaining low toxicity.'” Fluoride atoms and other
substituents on the CNT surface can be used to transform
CNT films between the superhydrophobic and nearly hydro-
philic states.'®'? Control of surface adsorption properties
by covalent and noncovalent CNT functionalization®” leads
to superior CNT—polymer composites,”' materials with im-
proved friction properties,** and strongly interconnected CNT
blocks.** Fluorination and defluorination reactions form the
basis for CNT applications in hydrogen storage®® and Li ion
batteries.*® Finally, complexation of CNTs with organic sensi-
tizers leads to promising photovoltaic materials.*”

he discovery of carbon nanotubes (CNTs)' has led to
an explosion of studies focusing on understanding and

controlling CNT atomic and electronic properties, as
14—17
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Generally, CNTs are chemically nonreactive and are hard to
functionalize due to the efficient carbon—carbon bonding. The
strong reactivity of fluorine atoms makes fluorination one of
the most effective methods to modify and control physical—
chemical properties of carbon materials.***° Using techno-
logy developed for the fluorination of graphite,”® Mickelson
et al. produced fluorinated single-walled carbon nanotubes
(F-SWNTs), which serve as a staging point of chemical modi-
fication for a wide variety of sidewall functionalizations.”'
The structures of F-SWNT were investigated by various
methods involving infrared (IR) and Raman spectro-
scopies,””?*> nuclear magnetic resonance (NMR),>>>*
transmission electron microscopy (TEM),?? scanning tunnel-
ing microscopy (STM),”” electron energy loss spectroscopy
(EELS),”® and X-ray photoemission spectroscopy (XPS).>”->®

Despite strong synthetic efforts as well as extensive experi-
mental and computational characterization of the fluorinated
structures, the most favorable pattern of fluorine atom addi-
tion remains controversial.>® Both 1,2-addition and 1,4-addi-
tion patterns have been proposed. The fluorine atoms (the
blue balls) are arranged in ortho positions in the 1,2-isomer,
while the 1,4-addition puts the atoms in para positions, as
illustrated in Figure 1.7>774°

While the former pattern was predicted to be more stable
in the semiempirical calculation,® the latter pattern was
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Figure 1. Two addition structures of fluorinated carbon nano-
tubes. (@) The 1,2-addition; (b) 1,4-addition. In each structure, blue
balls depict fluorine atoms.

found to be more favorable in the DFT calculations.*' In each
case, the energy difference between the two patterns was
quite small, implying that both types of fluorinated materials
probably coexist.*®

The purpose of this study is to distinguish between the
1,2- and 1,4-addition structures of F-SWNTs by means of IR
spectroscopy. In order to explore this prospect, we employ
classical molecular dynamics (MD)**~*° and directly calculate
the IR response function.**~*" Our study shows that each
structure can be identified by distinct IR peaks. In particular,
an optically active band appears at 400 cm™ ' in the 1,2-
addition product due to collective vibrational motions involving
the [—C(sp”)—C(sp’)—] bond created by the 1,2-addition. No
equivalent band is seen in the IR spectrum of the 1,4-product.
On the other hand, a 1300 cm™" band originating from the
F—C(sp’) stretching motion is seen in the IR spectrum of the
1,4-isomer but not that of the 1,2-isomer.

In the following, we explain the methodology of the IR
response analysis by means of MD simulation. Then, we
present and discuss the calculated IR spectra for the 1,2-
and 1,4-F-SWNT addition structures.

Pristine CNTs have 15 or 16 vibrational modes that are
active in the Raman spectrum.*® The corresponding IR signal is
very weak since the first-order IR optical response depends on
the transition dipole moment, which is practically nonexistent
in ideal CNTs. Fluorine atoms break the CNT symmetry, create
local dipoles, and generate an IR signal. The fluorine atoms and
the sp> carbons generated by the fluorine addition affect the
CNTs modes. The vibrational frequencies of F-SWNTs are
generally higher than those of pristine CNTs. The optical
response function calculated within the MD approach allows
us to obtain the entire IR spectrum of F-SWNTs. In order to
compare and distinguish between the two isomers, we con-
centrate on the C—F vibrational modes. Although fluorination
changes the properties of the modes associated with the
original C(sp?) atoms, these changes are quite complicated
and will not be discussed here since the analysis of the
C(sp’)—F motions already gives the desired result.

We consider the dipole correlation function { u(t)u(0)) that
is obtained from the MD simulation, where u(¢) is the dipole
moment of the F-SWNT system. The Fourier transform of the
correlation function is defined as

ho(@) =5 [ e uouO) ()
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While the IR spectrum a(w) is determined more rigorously via
the quantum mechanical commutator {[ u(t),u(0)]), the spec-
trum is well-approximated using the classical result Iyp(®)
and the harmonic assumption by

(@) = o tanh( ho >IMD(w) (2)

2Rg T

Here, kg, is the Boltzmann constant, T is temperature, and A is
Planck's constant.*®*’

The F-SWNT MD was generated using the Amber poten-
tials for the intramolecular C—C, C—FE and F—F interactions.
In particular, the C(sp?) atoms were assigned the “CA” Amber
atom type, while C(sp’) atoms were described using the
Amber “CT” atom type.”® Previously, the Amber force field
was used in order to describe the IR spectra of peptides***>
and many other systems. The interactions between the atoms
that were not directly bonded to each other were described by
the Coulomb and van der Waals (VDW) terms. To simplify the
calculation, the VDW interactions between atoms separated
by more than 5 A were disregarded. The velocity Verlet
algorithm was adopted to integrate the equation of motion
with a 0.1 fs time step. The simulations were performed at
300 K.

Note that classical MD does not necessarily give a very
precise description of the structure and dynamics of F-SWNT
due to the phenomenological interaction potential. However,
the approach is sufficiently accurate to establish the differ-
ences in the IR signals for the two distinct F-SWNT isomers.

The study was performed using the (10,10) metallic arm-
chair SWNT. Periodic boundary conditions along the tube axis
were used. The simulation cell was 2.4 nm long, containing
10 benzene rings in the periodic direction. The fluorine atoms
were arranged to form the 1,2- and 1,4-addition structures
shown in Figure la and b. In both structures, all possible
addition sites of the outside surface of the tube were occupied
by fluorine atoms.”" We ran MD simulations to equilibrate the
system under the given conditions and checked the accuracy
of the simulated structures.

In order to calculate the IR signal, the dipole moments
associated with the C—F bonds were determined. The charges
on the fluorine and carbon atoms were calculated quantum
mechanically for a single graphene sheet with the fluorine
atoms arranged as in Figure 1. The ab initio density functional
theory (DFT) calculations were done using the GAMESS
package, the B3LYP exchange-correlation function, and the
SVP basis set. The charges were computed using the CHELPG
method. We found that the bonded fluorine and carbon atoms
had nearly opposite charges of about —0.2e and +0.2¢, while
the remaining carbon atoms were almost neutral. Further, we
calculated the changes in the point charges associated with
the thermal fluctuations of the C—F bond. In our MD trajec-
tory, the bond length fluctuated within 0.1 A of its equilibrium
value, and the corresponding changes in the atomic charges
calculated by DFT were small. These results indicated that the
dipole moments associated with the C—F modes were directly
proportional to the corresponding bond lengths.

Two independent polarizations of light were considered in
detail, corresponding to the directions along the tube axis and
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Figure 2. IR spectra of a 1,2-fluorinated carbon nanotube ob-
tained from full MD simulations. The red solid line represents light
polarization along the tube axis, whereas the green dotted line
corresponds to radially polarized light.
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Figure 3. Same as Figure 2, but for the 1,4-fluorinated CNT.

its radius. Circularly polarized light was considered as well.
Each IR response function, egs 1 and 2, was computed by
averaging over an ensemble of 10° initial configurations.
Figures 2 and 3 display the IR spectra of the F-SWNT for light
polarized along the tube axis and its radius, respectively.

Significant differences between the 1,2- and 1,4-addition
structures are seen at 400 and 1300 cm™'. The peak at
400 cm™ ' is optically active only in the 1,2-addition product,
whereas the peak at 1300 cm™ ' appears only in the 1,4-
isomer. In order to elucidate the atomistic origin of these and
other peaks, we performed a normal-mode analysis of the
F-SWNTsystems. The results showed that peaks with frequen-
cies less than 500 cm™' arose from collective vibrational
motions of the SWNT, while peaks with frequencies above
900 cm™ " were derived from local modes. The peaks corre-
sponding to the local C—C and C—F bond vibrations produced
by the Amber force field emerge within the 1100—1500 cm ™'
frequency range. In particular, the C—F bond stretching
modes appear at about 1200—1300 cm™ '

In order to analyze the positions and origins of the peaks in
the IR spectra, we repeated the calculations using various
constraints. We fixed the positions of all sp® carbon atoms,
neglected electrostatic and VDW interactions between fluor-
ine atoms, and so forth. We found that the peak at around
200 cm™ ' originated from the VDW interactions between the
carbon and fluorine atoms. This peak is optically active for
light polarized along both the tube axis and its radius. Since it
did not depend on the electrostatic interactions involving
fluorine atoms, the peak appeared in both 1,2- and 1,4-
structures. Other spectral features in the 100—300 cm™'
range were due to CNT radial breathing modes (RBM). As a
result, they were optically active only for the radially polarized
light.
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The peaks in the 350—400 cm™' frequency range app-
eared in both fluorine addition structures for the radially
polarized light. At the same time, they were optically active
only in the 1,2-isomer for light polarized along the tube axis.
These peaks originated from vibrational motions of the C(sp?)
and C(sp’) atoms along and perpendicular to the tube axis. In
particular, the peaks in the radially polarized spectra for both
F-SWNT isomers were from the [—C(sp’)—C(sp”)—] vibra-
tional motions, whereas the 350—400 cm ™! features in the
spectrum of the 1,2-addition structure for light polarized along
the tube axis were attributed to the [—C(sp’)—C(sp’)—]
vibrational modes. The corresponding motions along the tube
axis in the 1, 4-structure arose from the [—C(sp’)—C(sp?)—
C(sp*)—C(sp’)—] fragments. They had lower frequencies and
did not appear in the 350—400 cm ™' range.

The peaks due to F—C(sp’) stretching peaks were in the
1200—1300 cm™' frequency range. For the light polarized
along the tube axis, the distinct peak at 1300 cm™ ' was
observed only in the 1,4-isomer. For radially polarized light,
small peaks in the 1200—1300 cm™' frequency range were
observed in both structures. The remaining 900 and 1100 cm ™'
peaks detectable in the IR spectrum arose from the wagging
motions of the C—F bonds and the stretching motions of the
C(sp’)—C(sp?) bonds, respectively.

In addition to light polarized along the tube axis and
radially polarized light, we computed the IR spectra for
circularly polarized light. The results were very similar to the
spectra shown in Figures 2 and 3, and therefore, they are not
discussed here. No vibrational modes that were specific to the
circularly polarized light were detected, at least for the (10,10)
F-SWNTs.

It is instructive to comment on the relaxation mechanism
for the C—F vibrational energy deposited by the IR radiation.
Since the (10,10) SWNT is metallic, one may expect relaxation
that is similar to the relaxation of vibrational modes of species
adsorbed on bulk metal surfaces. The presence of a highly
polarizable electron cloud in a bulk metal leads to the so-called
“dynamic dipole mechanism” °?, in which the fluctuations in
the dipole moment of the vibrational mode, in our case the
C—F bond, couple to the electronic degrees of freedom of the
substrate. Our calculations indicate that the dynamic dipole
mechanism plays little role in SWNTs. The charges on the
carbon atoms that are not directly bound to fluorines remain
close to zero during the C—F bond oscillation, as determined
by the DFT calculations. This lack of electronic polarization
can be explained by the quasi one-dimensional structure of
SWNTs, together with the fact that SWNT walls are made of a
single atomic layer. The C—F vibrations excited by the IR
radiation relax through valence bonding between the fluorine
and carbon atoms. The corresponding bonding interactions
are significantly weaker between molecules and bulk metal
surfaces.

Finally, we should mention the future prospects and
limitation of the present studies. Our analysis was based on
classical MD with the AMBER potential. Changes in the
electronic structure of the sp® carbons due to their long-range
interactions with the fluorine atoms were not fully taken
into account. Such changes may affect the dynamics and
polarization of the system. In principle, they can be included
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by first-principles MD; however, this approach is computa-
tionally too expensive for the calculation of the IR spectra. The
current analysis focused on the linear IR response function. It
allowed us to successfully distinguish the 1,2- and 1,4-stru-
cures. Further information, including coupling between the
C—F bonds, structural defects, and locations of boundaries
between the 1,2- and 1,4-isomer domains, may be obtained
by analysis of nonlinear response functions that are relevant
for multidimensional vibrational spectroscopies. >>~°¢ We
leave this for future studies.

In conclusion, our calculations show that the [—C(sp>)—
C(sp)—] collective vibrational peak is observed at 400 cm ™'
only in the IR spectrum of the 1,2-fluorine addition structure,
whereas the F—C(sp”) stretching motion coupled with neigh-
boring C(sp”) atoms is observed at 1300 cm™ ' only in the
1,4-addition structure for light polarized along the tube axis.
These predicted spectral differences create a possibility to
distinguish between the different F-SWNT isomers using IR
measurements. Furthermore, if the 1,2- and 1,4-addition
structures coexist, their ratio can be determined by the
relative intensities of the spectral peaks associated with each
structure.
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