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ABSTRACT: Multilayered fluorinated graphene exhibits novel properties and finds
applications in electrodes, membranes, thermal materials, transistors, and so on. These é § L%
applications rely heavily on interlayer interactions that arise from sheet stacking. Because the
properties of multilayered fluorinated graphene are very sensitive to the synthetic
conditions, characterization of the graphene structure becomes particularly important. We
theoretically analyzed the structure and interactions in multilayer fluorinated graphene by
IR spectroscopy. Significant differences between the multiple- and single-layer signals were
observed with the F—F vibrational motions around 700 cm™!, because these motions are
strongly affected by fluorines of neighboring layers. The intensity and profile of the F—F
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vibration peaks near 700 cm™' change dramatically depending on the number of layers and
the fluorine-addition pattern. These findings suggest that IR spectroscopy can be used for comprehensive characterization of the

structure of multilayered fluorinated graphene.

1. INTRODUCTION

Owing to sheet-stacking and interlayer interactions, multi-
layered functionalized carbon nanostructures, such as fluori-
nated multiwalled carbon nanotubes and multilayered
graphene, exhibit novel physical properties that can be utilized
to produce electrodes for batteries and capacitors, membranes,
thermal materials, transistors, and so on.'™*° To correlate the
material’s functionality with its atomic and electronic structure,
a variety of investigations, employing semiempirical calcu-
lations, """ transmission electron microscopy (TEM),"*™** X-
ray photoelectron spectroscopy (XPS),"*"*® and Raman and IR
spectroscopies,”®''7'> have been carried out. It has been
found that the structures and properties of multilayered systems
are strongly affected by subtle changes in the synthetic
conditions.”'” ™" Therefore, an accurate description of the
multilayered architecture of nanoscale carbon carries great
importance for the generation of stable and uniform structures
based on well-established synthetic procedures.®'"'¥'>1?

Using molecular dynamics (MD) simulation, the current
study shows that the structure of multilayered fluorinated
graphene (F—graphene) can be accurately characterized by IR
spectroscopy. Specific prescriptions for distinguishing various
multilayer fluorination patterns are presented and analyzed. In
particular, the F—F vibrational peaks involving neighboring
fluorines within the same graphene layer were found to be most
suitable for characterizing interlayer interactions, because they
are strongly influenced by multilayer stacking. These peaks
reside in the 700—900 cm™' frequency range. Different
fluorination patterns are sensitive to light polarization, and
therefore, they can be distinguished by collecting IR spectra
polarized in different directions within the graphene plane and
perpendicular to the plane.
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The next section presents the theoretical approaches used in
the calculations, including a discussion of the interactions
potentials, details of the MD simulations, and the procedure for
computing IR spectra. The section also justifies the choice of
the graphene fluorination patterns selected for the current
study. The calculated spectra are presented next. Particular
peaks that can be used to identify considered fluorination
patterns are identified, and their atomic origins are analyzed.
The primary discussion focuses on single-, double-, and triple-
layer graphene, and extrapolations to more layers are
considered. The article ends with a summary of most important
observations and a few concluding remarks.

2. THEORETICAL METHODS

This study focuses on the three fluorination patterns that are
predicted to be most important for the fluorinated multilayered
graphene.l’é’zo_22 The structures are illustrated in Figure la—c
for three graphene layers. The fluorination patterns are labeled
u, uudd, and ud, respectively, reflecting the sequence of
upward- (u) and downward- (d) pointing fluorines. For each of
these patterns, we consider single-, double-, triple-, and
quadruple-layer systems. Changing the number of layers is
particularly important for the u pattern, as can be seen in Figure
la. In this case, the interlayer F—F interactions range from the
strongest to the weakest of all fluorination patterns, varying
significantly depending on whether the fluorines of different
layers point toward and outward each other; consider pairs of
layers 1-2 and 2-3.
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Figure 1. Fluorinated graphene systems used in this study. The
fluorination patterns shown in parts a—c are labeled u, uudd, and ud,
respectively, reflecting the sequence of upward- (u) and downward-
(d) fluorines in each fluorine chain. Part d displays the periodic
boundary of the simulation cells. The blue balls are fluorine atoms.
The x and y axes are shown in part d. The z direction is perpendicular
to the graphene plane.

Periodic boundary conditions were used (Figure 1d). The
dimensions of the simulation cell in the plane of graphene were
~L.S5 nm by ~1.7 nm. Each graphene layer consisted of 96
carbon atoms and 48 fluorine atoms. All three u, uudd, and ud
fluorination structures, shown in Figure la—c, involved a 2:1
ratio of carbons to fluorines. The fluorine atoms were arranged
in the 1,2-position in each benzene ring. The 1,2-addition
pattern has been found to be most stable in many
studies.>'#2172®

The MD simulations were carried out by extending the force
field employed in our earlier work.”*® F—graphene was
generated using Brenner potentials for the intramolecular C—C,
C—F, and F-F interactions’"** and van der Waals and
electrostatic potentials for the interlayer interactions. The
procedure for generating the van der Waals parameters for the
Brenner potentials can be found in refs 33 and 34. To save
CPU time, intramolecular interactions between atoms sepa-
rated by more than four bond lengths and interlayer
interactions separated by more than three interlayer distances
were disregarded. Some articles have suggested”® that non-
bonding interaction can be significant beyond the nearest and
second-nearest graphene layers. Note that our analysis focuses
on comparison of single-, double-, and triple-layer systems.
Therefore, neglecting four-layer and longer-distance interac-
tions forms a good approximation for the present purposes.
The velocity Verlet algorithm was used to integrate the
equations of motion with a 0.1-fs time step. The simulations
were performed at around 273 K. The simulation parameters,
including the charges on the C and F atoms, can be found in
refs 29 and 30.

The IR signal was obtained by computing the dipole
autocorrelation function {(u(t) u(0)). The Fourier transform of
the correlation function is defined by

hp(@) = - [ °o°o dte ™ (u(1)a(0))
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The IR spectrum a(w) is determined using the semiclassical
approximation to the fully quantum-mechanical commutator

([u(®), u(0)])

a(w) = mtanh(ZZ—mT)IMD(m)

B (2)

where ky is the Boltzmann constant, T is the temperature, and
h is Planck’s constant.””*°

Three independent polarizations of light were considered
during the calculation of the IR spectra. The x direction points
along the chains of fluorine atoms obtained by the 1,2-addition
(Figure 1d). The y direction is in the plane of the sheet and
perpendicular to the fluorine chains. The z direction is
perpendicular to the sheet. Each IR optical response function
was computed by averaging over an ensemble of 10° different
initial configurations.

3. RESULTS AND DISCUSSION

Our MD simulations show that the fluorine atoms of
neighboring layers are staggered with respect to each other
(Figure 1), confirming the prediction of the Daumas—Herold
model."** The interlayer distance is about 0.6 nm, and the C—
C radial distribution functions computed for all three fluorine
addition patterns (results not shown) are similar to those
obtained for functionalized graphite in the earlier studies.>®
These results indicate that our simulations are able to
reproduce accurately the structures of single- and multilayered
F—graphene.

The IR spectra displayed in Figures 2—4 exhibit significant
differences, depending on the fluorination pattern and the
number of graphene layers (Figure 1). The most significant
differences are observed in the 700—850 cm™" frequency range.
To explore the origin of these differences, we performed a
normal-mode analysis and found that the 700—900 cm™ peaks
originate from the F—F vibrations involving fluorine atoms
bound to the same graphene layer. Interlayer interactions alter
the optical activity of these vibrations. The peak around 900—
1000 cm ™" arises from the wagging motion of F—C(sp®) bonds,
whereas the peak around 1200—1350 cm™' is due to the
stretching motion of the F—C(sp®) bonds. The stretching
motion of the C—C bonds is observed in the spectrum at
1000—1200 cm™". The peaks at 600 cm™" and below arise from
collective modes of the graphene sheet. The bottom panels of
Figures 2—4 present schematic representations of the relevant
vibrational modes in the most interesting frequency range
between 700 and 900 cm™. In the following discussion, we
analyze the effects of the interlayer interactions on the IR
spectra in more detail for each of the three addition patterns.

Consider the u fluorination pattern (Figure la). The IR
spectra computed for single- and double-layer graphene with
the u fluorination pattern are shown in Figure 2. The light is
polarized in the x direction along the fluorine chains. The most
pronounced differences in the IR spectra of the single- and
double-layer structures appear at 750 and 830 cm™'. These
peaks arise from F—F vibrations and are affected by interlayer
interactions (Figure 2b). The 750 cm™" peak shifts to a higher
frequency in the double layer because of these interactions, and
the 830 cm™ vibration becomes optically active and involves
mixing of the F—F and F—C(sp®) wagging motions. The peak
positions of the F—C(sp®) wagging vibration around 900 cm™"
are also different for the single- and double-layer u-fluorinated

graphene. The peak shifts to a higher frequency in the double-
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Figure 2. IR spectra computed in the 650—1150 cm™" frequency range
for the u fluorination pattern (Figure 1a). Light is polarized in the
graphene plane and parallel to the fluorine chains (ie., in the x
direction; Figure 1d). The red and green lines describe the single- and
double-layer structures. Part b schematically depicts the vibration
along the x direction.

layer structure because the potential energy profile for the
fluorine wagging motion becomes steeper as a result of
interactions with the fluorines of the adjacent layer (Figure 2b).

The IR spectrum of triple-layer F—graphene is the sum of the
spectra of the single- and double-layer cases, and the spectral
profile for quadruple-layer F—graphene is very similar to that
for the double-layer case (results not shown). These results
indicate that fluorine atoms located on the opposite sides of
adjacent graphene sheets, for example, layers 2 and 3 in Figure
1a, interact weakly. The 750 and 830 cm™" peaks are seen in the
triple- and quadruple-layer cases because both systems include
at least one double-layer structure with the fluorine atoms
facing each other. Thus, one can distinguish single- and
multilayered u-fluorinated graphene structures by observing the
peaks at 750 and 830 cm™".

The differences in the IR spectra between the single- and
multilayer uudd-fluorinated graphene (Figure 1b) are illustrated
in Figure 3. The light is polarized in the y direction
perpendicular to the fluorine chains. Parts a and b of the
figure focus on the low- and high-frequency parts, respectively,
of the spectra. The multilayer structures can be most easily
distinguished based on the IR peaks in the 650—950 cm™
spectral region (Figure 3a). In particular, the 700 cm™ peak
disappears in the double-layer case, whereas it remains strong in
the single- and triple-layer systems. The peak becomes optically
inactive because the relevant vibrational motions in the adjacent
layers are out-of-phase, as illustrated in Figure 3c. The peak also
disappears in the quadruple-layer case (result not shown),
indicating that one can distinguish odd-layered uudd F—
graphene samples from even-layered samples by the existence
of the 700 cm™' peak. The same tendency is observed for the
F—C(sp®) wagging vibration at 880 cm™" (Figure 3a).

The number of layers in odd-layer structures can be
determined by the splitting of the 700 cm™ peak due to
interlayer interactions. The triple layer exhibits two additional
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Figure 3. IR spectra for the uudd fluorination pattern (Figure 1b).
Parts a and b focus on the 650—950 and 1000—1400 cm™" frequency
ranges, respectively. Light is polarized in the graphene plane and
perpendicular to the fluorine chains (i.e., in the y direction; Figure 1d).
The red, green, and blue lines describe the single-, double-, and triple-
layer structures, respectively. Part ¢ schematically depicts the IR-
inactive vibrations along the y direction.

peaks at 690 and 720 cm ™. It remains to be seen whether larger
odd-layer stacks of graphene will exhibit distinct higher-order
splitting of the 700 cm™" peak. The intensities and frequencies
of the additional peaks in the IR spectra of multilayer uudd-
fluorinated graphene will depend on the details of the interlayer
interaction. The peak splitting can serve as a measure the
interaction strength. The stronger and longer-range the
interaction is, the higher the peak splitting order will be. By
comparing the theoretical and experimental results, one will be
able to characterize the accuracy of the long-range nonbonding
part of the graphene interaction potential.

Considering the 1000—1400 cm ™" frequency range of the y-
polarized IR spectra for uudd-fluorinated graphene (Figure 3b),
we found that the peaks appearing in the triple-layer case are
combinations of the peaks for the single- and double-layer
systems. This is in contrast to the lower-energy peaks (Figure
3a), which exhibit new features in the triple-layer case. At the
same time, the additivity of the single- and double-layer spectra
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of uudd-fluorinated graphene in the 1000—1400 cm™'
frequency range is analogous to that in the lower-energy
spectra for the u-fluorinated graphene discussed above. Thus,
the effect of the interlayer interaction on the IR spectrum
depends on both the fluorination pattern and the type of
vibrational modes under consideration. Depending on both
factors, the IR spectra of multilayer structures can either be
sums of the IR spectra of the single- and double-layer systems
or exhibit changes that are more complex, stemming from
triple-layer and higher-order interlayer interactions.

Figure 4 shows the IR spectra for the single- and multilayer
structures with the ud fluorination pattern (Figure 1c)
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Figure 4. IR spectra computed in the 650—950 cm™" frequency range
for the ud fluorination pattern (Figure I1c). Light is polarized
perpendicular to the graphene plane (ie, in the z direction; Figure
1d). The red, green, and blue lines describe the single-, double-, and
triple-layer structures, respectively. Part b schematically depicts the
vibration along the z direction.

computed for light polarized in the z direction, perpendicular
to the graphene plane. The spectra show that multilayered ud-
fluorinated graphenes can be characterized using the 730 cm™
peak. Absent in the monolayer, this peak arises from the
interactions between adjacent layers (Figure 4b). The peak
intensity grows with increasing number of layers, as illustrated
in part a of Figure 4 for the single-, double-, and triple-layer
systems. This trend continues for the quadruple-layer case
(result not shown). Therefore, one can identify the number of
layers in the multilayer ud F—graphene samples by analyzing
the intensity of the 730 cm™" peak in the IR spectrum. Further,
by comparing the relative intensities of the 730 and 880 cm™
peaks, one can characterize the strength of the interlayer
interactions. The intensity of the latter peak is additive with
respect to the number of layers, whereas the intensity of the
former peak depends on the interlayer interaction strength.
Such comparisons might prove valuable in designing and
testing the long-range part of the graphene interaction potential
for MD simulations.

Finally, we note that the three patterns, believed to be most
important for fluorinated multilayered graphene,l’é’zo_22 were
characterized above using different light polarizations, namely, x
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polarization for the u pattern, y polarization for the uudd
pattern, and z polarization for the ud pattern (Figure 1).
Therefore, the reported results will allow experimentalists to
distinguish simultaneously both the pattern type and the
number of graphene layers for each pattern.

4. CONCLUSIONS

In summary, by studying the IR spectra of multilayered
fluorinated graphenes using molecular dynamics simulations,
we have established specific signatures that identify the
fluorination patterns and the number of layers in these systems.
We have found that the peaks generated by the F—F vibrational
modes that involve nearby fluorines in the same graphene layer
are strongly influenced by interlayer interactions. Therefore,
these peaks are most suitable for studying and describing the
multilayer structures. The u fluorination patterns (Figure 1) are
distinguished by appearance of 750 and 830 cm™ bands in the
x-polarized IR spectrum. The uudd fluorination is best
described by the properties of the 700 cm™' peak in the y-
polarized spectrum. The ud pattern is sensitive to the 730 cm™"
F—F vibrational peak arising in the z-polarized spectrum.

The fluorinated graphene nanostructures considered in this
study were simulated under ideal conditions. Experimental
systems contain defects and isomers and are generally more
complex. The raPid and exciting progress in the fluorination
procedures®' !> i leading to better-defined systems. The
reported results indicate that IR spectroscopy is a valuable tool
for structural and chemical characterization of halogenated
multilayered graphene and related materials. The established IR
spectral signatures of the commonly encountered fluorinated
graphenes can guide experimentalists in their synthetic efforts
to create useful and well-characterized graphene derivatives.
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