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ABSTRACT: Fluorination of graphene and other carbon nanostructures is used exten-
sively as a tool for tuning graphene’s mechanical, electronic, and optical properties, and as
an intermediate step in graphene functionalization. However, by penetrating through
graphene surfaces, fluorine atoms create defects that deteriorate the desired properties.
Using molecular dynamics simulation, we predict distinct infrared (IR) signatures that
can be used to detect fluorination patterns and defects. We show that two strong peaks
around 1000 and 1500 cm™' in the IR signal in the graphene plane identify fluorine
chains. Defects involving a single fluorine atom exhibit a clear IR peak at 800 cm™
originating from the wagging motion of the F—C(sp3) bond. A pair of neighboring
fluorines produces a unique peak at 1150 cm™" arising as a result of the stretching vibra-
tion of the C(sp3)—C(sp3) bond hosting the fluorines. The reported results provide
straightforward and efficient means for spectroscopic characterization of fluorinated
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graphene and related materials.

SECTION: Nanoparticles and Nanostructures

Recent discoveries and subsequent studies of fullerenes, carbon
nanotubes (CNT), graphenes, and related carbon nano-
structures have revealed numerous novel and often-unexpected
properties that provide grounds for rapid technological ad-
vances.'~'® For instance, quasi-one-dimensional CNTs act as
miniatures antennas and exhibit enhanced field emissions, es-
pecially when the nanotube tips are opened to produces chains
of linear carbons up to 100 atoms in length.> Two-dimensional
graphene shows unusually high charge concentration and mobility,
which can be induced by application of weak electric fields.® CNT
optical properties can be tuned by diameter and helical symmetry,
and the optical activity of vibrational and electronic excitations
can be controlled by light polarization.® The exceptionally high
surface area of nanoscale carbon has led to breakthroughs in
the development of powerful electric batteries and capacitors.’
Biological applications of the novel forms of carbon range from
DNA sequencing'”'" to drug delivery.'> The former is based
on the single-atom thickness and excellent conductivity of CNT's
and graphene, while the latter relies on the unique combination
of CNTs hydrophobic and optical properties.

Chemical modifications of nanoscale carbon broaden the
spectrum of available materials and applications, and allow con-
trol over material’s properties. Fluorination in particular, has pro-
duced many interesting results."> " Because fluorination modifies
chemical reactivity and various physical properties, multiple
investigations into fluorinated carbon nanostructures have been
carried out.>> 3! In contrast to graphene, which is a semimetal,
fluorinated graphene (F-graphene) is a wide band gap semi-
conductor that is 6 orders of magnitude more resistive than
graphene®® and that luminesces in the ultraviolet.*' It exhibits
high mechanical strength, charged surfaces and local magnetic
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moments.”* Mechanical, electronic, and thermodynamic prop-
erties of F-graphenes differ substantially from those of pristine
graphene and scale with fluorine coverage.”"** Comparison of
theoretical calculations with the experimental data indicates
that experimental samples either contain a large number of
defects or are fluorinated only partially.*® Fluorine atoms tend
to diffuse in partially F-graphenes, forming dense fluorinated
lines.”” Fluorination provides a promising chemical route for
cutting graphene into smaller fragments under controlled
experimental conditions.>

Knowledge of the arrangement of fluorine atoms poses an
important problem for fluorinated CNTs, graphenes, and re-
lated nanostructures. Ordinarily, F, molecules are added on the
outer surface of CNTs and the top surface of graphene sheets,
so that all fluorine atoms are thought to be on the tube-outer
and sheet-top surface. Thus, studies are often carried out under
the assumption that all fluorine atoms are located on the same
surface.' !¢ However, experimental evidence suggests a
possibility of bonded fluorine atoms transited into the opposite
side of the sheet.'” Such transitions create strong defects,
altering electrical, optical, mechanical and thermo-dynamical
properties of fluorinated carbon nanostructures. These proper-
ties generally depend on the details of arrangement of fluorine
atoms. In particular, multiple reports show that size, shape,
curvature, and phonon modes of CNTs and 3graphene sheets
are affected by fluorine arrangements.>'*'***** Therefore, it is
important to have a tool that can distinguish between different
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fluorine addition structures. This goal is not easy to achieve
with the current experimental methods.'® % For instance,
scanning tunneling microscopy (STM) cannot access the inner
fluorine atoms, while NMR and IR spectroscopies produce

broad features averaged over multiple experimental structures.

In this paper, we show that various inner- and outer-surface
fluorine addition structures of graphene can be differentiated
using infrared (IR) spectroscopy. For this purpose, we carry out
classical molecular dynamics (MD) simulations and directly
calculate the IR spectroscopic response functions.

The fluorinated graphene was represented in MD using the
Brenner potentials for the intramolecular C—C, C—F, and
F—F interactions.*** To simplify the calculation, interactions
between atoms separated by more than four bond lengths 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 around 273 K. The systems were
equilibrated by repeated velocity rescaling, and energy con-
servation in the microcanonical trajectories following the equil-
ibration step was confirmed. The MD trajectories were several
hundred picoseconds in length. Additional information on
the calculation of the IR spectra from the MD simulations, the
interaction potentials including calculation of the charges on
the C and F atoms, and the electric polarizability effects can be
found in our previous study.**

Note that, due to the phenomenological interaction potential,
classical MD does not necessarily give a very precise description
of the structure and dynamics of fluorinated carbon nanostruc-
tures. However, the approach is sufficiently accurate to establish
the differences in the IR signals for different fluorination patterns
(Figure 1).

Figure 1. Three fluorinated-graphene structures: (a) with all fluorine
atoms on the outer-surface of graphene, (b) with one fluorine on the inner-
surface, and (c) with two fluorines on the inner-surface. (d) Simulation cell
that is replicated in the x and y directions. The blue balls represent fluorine
atoms. The z direction is vertical to the graphene sheet.

The study was performed using three F-graphene systems as
illustrated in Figure la—c. Periodic boundary conditions were
used. The simulation cell was 1.2 nm long, containing five
benzene rings in the horizontal direction and three benzene
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rings in the vertical direction (Figure 1d). The system consisted
of 60 carbon atoms and 30 fluorine atoms. The fluorine atoms
were arranged to form an all outer-surface addition structure
(Figure 1a), and two structures with one or two fluorines on
the inner surface of graphene (Figure 1b,c), respectively. These
structures, involving a 2:1 ratio of the numbers of carbon and
fluorine atoms, with the fluorine arranged in the 1,2-position in
each benzene ring, have been proposed as stable structures in
many other studies."*”'***72%* We ran MD simulations to
equilibrate the systems under the given conditions and checked
the accuracy of the simulated structures.

Three independent polarizations of light were considered in
detail, corresponding to the x, y, and z directions of the simulation
cell (Figure 1d). Each IR response function was computed by
averaging over an ensemble of 10° different initial configurations.

Figure 2 shows the computed IR spectra for light polarized
along the chains of fluorine atoms, in the x direction of the
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Figure 2. IR spectra obtained from full MD simulations for radiation
polarized in the «x direction (Figure 1d). Panels a, b, and c correspond
to the all-outer, one-inner, and two-inner fluorine systems shown in
panels a, b, and ¢ of Figure 1.
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simulation cell (Figure 1d). This polarization of light leads to
the largest differences in the IR signals for the all-outer, one-
inner, and two-inner fluorination patterns. The peak at 800 cm™*
seen in Figure 2b is optically active only for the one-inner fluorine
structure, whereas the peaks at 1150 and 1300 cm™" appear only
in the two-inner fluorine structure (Figure 2c). The y polarized
spectra shown in Figure 3b exhibit a prominent peak at
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Figure 3. IR spectra obtained from full MD simulations for light
polarized along (a) the y-direction and (b) the z-direction (Figure 1d).
In each direction, the red line shows the all-outer, the green line shows
the one-inner, and the blue line shows the two-inner fluorine systems
illustrated in panels a, b, and ¢ of Figure 1.

1300 cm™', but this peak is common in all three structures and
cannot be used to distinguish between them. The z polarized
spectra shown in Figure 3b contain a number of peaks. How-
ever, the differences between in the spectra for the three struc-
tures are rather minor, and it is difficult to distinguish the one-
inner and two-inner structures from the all-outer structure. The
above results indicate that one can identify a single fluorine atom
on the graphene surface by focusing on the 800 cm™' peak. The
fluorine dimer on the graphene surface can be distinguished
based on the 1150 cm' peak. The IR measurements should be
taken with light polarized along the graphite surface.

In order to explore an origin for each peak in spectra, we
performed a normal-mode analysis of the fluorinated graphene
systems for different physical conditions. We found that the
800 cm ! peak is attributed to the wagging motions of the local
F—C(sp3) bond. Since the F-additions are lined up in the x
direction, the vibrational motion of each local F—C(sp3) bond
along the x direction are blocked. By contrast, the isolated
fluorine atom on the inner surface of graphene can move along
the x direction (Figure 4a). As a result, the 800 cm™" peak is
observed only in the one-inner case.
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Figure 4. The schematic view of the distinct structures and charac-
teristic vibrational modes of the one-inner and two-inner fluorine addi-
tions. Panel a illustrates the wagging motion of the local F—C(sp3)
bond in the one-inner case. Panel b depicts the local C(sp3)—C(sp3)
bond vibration in the two-inner case.

The peak at 1150 cm™" characteristic of the fluorine dimer on
the inner surface of graphene (Figure 1c), arises from the local
C(sp3)—C(sp3) bond vibration along the direction of the bond
(Figure 4b). Normally, C(sp3)—C(sp3) bond vibrations do
not produce IR signals in nanoscale carbon materials, because
these bonds are apolar. In the current case, the C(sp3)—C(sp3)
vibrational motion can be detected in the IR signal through its
interaction with the polar F—C(sp3) bonds. The 1150 cm™
peak is distinct from the vibrations of the C(sp3) atoms bound
to fluorines in the all-outer structure (Figure la), because the
two carbons connected to the inner fluorine deviate from the
plane of graphene, and therefore, differ from the other C(sp3)
atoms, as indicated schematically in Figure 4b. An analogous
peak is not observed in the isolated fluorine case (Figure 1b),
because the two C(sp3;inner)—C(sp3;outer) bonds vibrate
asymmetrically around the isolated fluorine atom (Figure 4a),
and the sum of the contribution of these two bonds to the
x-polarized IR signal cancels out.

The peak at 1300 cm™" is attributed to the F—C(sp3) stretch-
ing mode. In the case of the x-polarized IR signal (Figure 2),
the 1300 cm™ signal is seen only for the two-inner fluorine
structure. Therefore, it can be used to identify this structure
in combination with the 1150 cm™" peak. Note, that the 1150
cm™! peak is preferable for the current purpose, since it gener-
ates a stronger IR signal than the 1300 cm™ vibration. Consider-
ing y polarized light (Figure 3a), we observe the F—C(sp3)
stretching mode peak at 1300 cm™ for all three structures. The
location of the peak is slightly shifted; however, the shift is rather
small, requiring a fine signal resolution and high quality samples.

Considering z polarized spectra, we observe a 1100 cm™
peak that is characteristic of the all-outer fluorine structure.
Z-polarized spectra involve motions out of the plane of graphene.
By having all fluorine atoms on one side of the plane, one
achieves the largest local out-of-plane distortion, creating a
distinct signature of all-outer fluorinated graphene. At the same
time, one cannot rely on this peak alone for identification of the
all-outer structure, because fluorines penetrating through the
graphene surface also create out-of-plane distortions, and there-
fore, generate smaller peaks in the same frequency regions.

Other peaks in the calculated IR spectra involve local F—
C(sp3) bond vibrations and some C—C, C—F, and F—F
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collective motions. We avoid discussing these signals, since we
cannot use them to distinguish between the different fluo-
rinated structures.

Finally, we should mention that the 1150 cm™' peak char-
acteristic of two fluorine atoms attached to a C(sp3)—C(sp3)
bond constitutes a robust IR feature that can be used to identify
this pattern in larger carbon nanostructures of varying shapes
and different degrees of distortion. At the same time, the
800 cm™' peak associated with a single fluorine is less robust
and may disappear in systems with large geometric and elec-
tronic distortions. This is because the frequency of the F—C(sp3)
wagging motion may shift, or its intensity may decrease, due to
sensitivity of this vibration to local environment. Additional
analysis is required in order to explore the possibility to identify
and distinguish the presence of isolated fluorine dopants in
other types of carbon nanostructures.**

This study has demonstrated that IR spectroscopy can be
used to distinguish between different fluorination patterns of
graphene and related carbon nanostructures. Fluorination is com-
monly used as an intermediate chemical step during synthesis
of more complex forms of graphene derivatives. It is also used
to tune and control graphene’s electronic, optical, and mechanical
properties. The properties of the end product depend on the
details and quality of fluorination, and the results reported here
provide a straightforward route for detecting and characterizing
different fluorination patterns.

Our calculations show that chains of graphene dopants can
be detected by strong peaks around 1000 and 1500 cm™" in the
IR signal polarized along the chain direction. By penetrating
into the inner surface of graphene, fluorine atoms create defects.
Isolated fluorine defects can be identified by the 800 cm™ peak
in the IR spectrum. The peak originates from the local wagging
motion of the F—C(sp3) bond. A pair of fluorine atoms gen-
erates a robust signal at 1150 cm™', produced by the local stretch-
ing motion of the bond formed by the C(sp3)—C(sp3) atoms
connected to the fluorines. If the fluorine addition structures
coexist, their ratio can be determined by the relative intensities of
the spectral peaks associated with each structure.

The current analysis focused on the linear IR response func-
tion, which allowed us to successfully identify the inner- and
outer-fluorine addition structures. Further information that is
hard to deduce from the previous IR studies,**** including
coupling between the C—F bonds and structural defects, may
be obtained by analysis of nonlinear response functions that are
relevant for multidimensional vibrational spectroscopies.*®™*
The current study targeted single-layer graphene. Multilayer
fluorinated carbon nanostructures have been predicted and
investigated recently.”*'~* These materials show a number of
interesting features that stem from interactions of fluorine
atoms in different graphene layers. Our next study will inves-
tigate the IR signatures of these features in more detail.
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