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A B S T R A C T

The structure of graphite monofluoride, (CF)n, has been debated since its discovery in 1934. In this work, we 
investigate a commercial graphite monofluoride by vibrational spectroscopy (infrared, Raman and the first in
elastic neutron scattering spectra of this material). The spectroscopy shows that the material contains unreacted 
graphite and the partially fluorinated product dicarbon fluoride, (C2F)n, We evaluate the previously proposed 
P6m2 and P3m1 structures using computational methods and find F⋅⋅⋅F contacts render the P6m2 structure 
dynamically unstable. We propose two alternative structures, Cmc21 and P63mc, generated by displacement of 
one layer relative to another and find that Cmc21 is also dynamically unstable. The calculations are validated by 
comparison of calculated and observed INS spectra

1. Introduction

Graphite fluoride compounds, in particular graphite monofluoride 
((CF)n), are derivatives of graphite which have garnered significant 
attention due to their unique properties. Their low friction coefficients 
compared to pure graphite and high decomposition temperatures have 
enabled their commercial use as solid-state lubricants [1]. The excellent 
electrochemical properties of graphite fluoride compounds have also 
resulted in their use as cathode materials for lithium-ion batteries [2–5].

The first synthesis of a graphite monofluoride compound was re
ported in 1934 by Ruff and Bretschneider [6] via direct combination of 
graphite and fluorine at 420 ◦C without combustion. This yielded a grey 
solid, (CFx)n, where x was determined to be 0.92. Subsequent studies 
have given rise to substantial debate concerning the structure of the 
compound. In 1959, Rüdorff [7] proposed a structure based on X-ray 
diffraction, suggesting trans-linked cyclohexane rings in a chair 
conformation with fluorine atoms in the axial positions. Ebert et al. [8] 
indicated a boat-type structure from 19F NMR measurements, but 
computational studies by Lazar et al. [9] found that the chair confor
mation is the most stable structure. More recently, Walder and Alam 

[10] found the boat and chair conformers can coexist as a form of dis
order. Touhara et al. [11] determined P6m2 as the space group, but 
Fujimoto [12] carried out a Rietveld analysis of XRD data and concluded 
that a P3m1 structure was also a suitable fit for the data, and that both 
structures can co-exist due to the turbostratic properties of the carbon 
which causes disorder in the layers.

Although graphite monofluoride is defined by a 1:1 C:F stoichiom
etry, in practice it often coexists with structurally or chemically related 
phases. One such phase is poly(dicarbon monofluoride), (C2F)n, a 
common by-product formed during the fluorination of graphite in the 
synthesis of (CF)n [13]. Studies by Pischedda, Cavallari and co-workers 
have highlighted that fluorinated graphite compounds cannot be fully 
described by a single ordered phase [14–16]. Differences in C–F bonding 
character and local structure can account for some of the previous 
structural ambiguities, such as the coexistence of multiple conforma
tions and the presence of different space groups. Despite being well 
characterised, the presence of (C2F)n and other impurities can compli
cate the structural and spectroscopic analysis of (CF)n, leading to addi
tional features or peak broadening [13–19]. Therefore, accounting for 
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these additional phases is essential for the accurate characterisation of 
graphite monofluoride.

To date, insight into the structure of graphite monofluoride has 
relied on NMR [8,10,20], X-ray diffraction (XRD) [6,7,11,12,16,21–23], 
neutron diffraction (ND) [16], photoelectron spectroscopy [24] and 
computational investigations, in particular density functional theory 
(DFT) calculations [9,10,16,25,26]. Although XRD has been the pre
dominant method, these studies have not fully resolved the structure, 
partly due to the difficulty obtaining a single crystal of (CF)n. The 
vibrational spectroscopy remains relatively unexplored, with only a few 
Raman [23,27] and infrared [21,23,24] studies. Inelastic neutron scat
tering (INS) spectra have not been previously reported for any fluori
nated graphite compounds, but offers distinct benefits, including the 
ability to detect all vibrational modes (due to access to the full Brillouin 
zone and no selection rules), high sensitivity to light elements (including 
C and F) and being highly penetrating (so it measures the bulk, rather 
than just the surface). In the present work, we have investigated the 
structure of commercial graphite monofluoride by XRD and neutron 
powder diffraction (NPD). We have also recorded new infrared and 
Raman spectra and report the first INS spectra of graphite monofluoride. 
The results are supported by density functional theory calculations of 
the structures.

2. Materials and methods

2.1. Graphite monofluoride

Graphite monofluoride (99 %) was purchased from ACS Materials. 
This material is stated to have a particle size of 1–10 μm and a F:C ratio 
of 0.8–1.1. A sample was dried under vacuum before use; the weight loss 
was less than 1 %.

2.2. X-ray powder diffraction

A Rigaku Smartlab XRD2 (Thin Film) was used to obtain powder X- 
ray diffraction (XRD) data. 1D high resolution measurements were 
carried out at room temperature, at a 0.08 ◦min− 1 speed across a range 
of 5–80◦. The crystallite size (D) was determined using the Scherrer 
equation, and the equation N = (D/d) + 1 (d = interlayer distance) was 
used to determine the average number of layers (N).

2.3. Surface area

The surface area was determined using the Brunauer–Emmett–Teller 
(BET) method. An Autosorb iQ-Chemi was used to dry the samples at 
150 ◦C for 12 h and then to measure the surface area by adsorption of 
nitrogen gas at 77 K.

2.4. 13C and 19F solid state NMR spectroscopy

Solid-state NMR spectra were recorded on a Bruker Avance-III 
spectrometer equipped with a 9.4 T wide-bore superconducting mag
net (13C and 19F Larmor frequencies of 100.6 and 376.4 MHz, respec
tively) and 1.3 mm magic angle spinning (MAS) probehead. The sample 
was rotated at the magic angle at a rate of 50–55 kHz. The 13C spectrum 
was recorded using a rotor-synchronised spin-echo sequence with τ = τr 
= 20 ms and rotor-synchronised π pulses (ν1 ≈ 83 kHz) applied to 19F 
during acquisition. Signal averaging was carried out for 1008 transients 
with a recycle interval of 60 s. The 19F NMR spectra were recorded using 
a rotor-synchronised spin-echo pulse sequence with τ = τr = 18.2 or 20 
ms. Signal averaging was carried out for 16 or 64 transients with a 
recycle interval of 60 s. Chemical shifts are reported in ppm relative to Si 
(CH3)4 and CCl3F using poly(tetrafluoroethylene) (PTFE) as a secondary 
solid reference (13C δ = 111.3 ppm, 19F δ = − 122.7 ppm).

2.5. Vibrational spectroscopy

Room temperature infrared spectra were recorded with a Bruker 
Vertex70 FTIR spectrometer by attenuated total internal reflection 
(ATR) using a Bruker Diamond ATR accessory (256 scans, 4 cm− 1 res
olution across a range of 4000 to 50 cm− 1 with 8 × zerofilling to improve 
the peak shape). An extended ATR correction (using the Bruker soft
ware) was applied to all measurements to correct for the wavelength 
dependent penetration depth.

Raman spectra were recorded with a Bruker Senterra Raman spec
trometer at room temperature with 532 nm excitation, using 20 mW 
power with a 25 × 100 μm aperture and 3-5 cm− 1 resolution. The sample 
was measured at three different positions for 3 × 10 s, and one position 
for 12 × 10s across the range 39–3704 cm− 1. Low temperature (10 K) 
Raman spectra were recorded with a previously reported [28] modified 
Renishaw InVia system using 532 and 785 nm excitation. Attempts to 
record spectra with 1064 nm excitation using a Bruker FT-Raman 
spectrometer (16 scans, 4 cm− 1 resolution with 8 × zerofilling) were 
unsuccessful.

Inelastic neutron scattering (INS) spectra were recorded with the 
VISION [29] and SEQUOIA [30] spectrometers at the Spallation Neutron 
Source (Oak Ridge, TN, USA) [31]. The dried sample, ~5 g, was loaded 
into an indium wire sealed aluminium can and cooled to below 10 K for 
measurement. The two spectrometers have different operating charac
teristics as they are indirect and direct geometry spectrometers respec
tively, the differences are explained elsewhere [32]. VISION provides 
high quality spectra in the 0–2000 cm− 1 region while SEQUOIA provides 
energy (E, cm− 1) and momentum (Q, Å− 1) resolved data in the 
10–16000 cm− 1 region. By selecting only the low Q data (0 ≤ Q ≤ 10 
Å− 1), it is possible to access the 2000 - 4000 cm− 1 region (where the C–H 
and O–H stretch modes occur) with reasonable resolution. Together, the 
spectrometers are highly complementary and enable vibrational spectra 
to be collected across the entire 0 - 4000 cm− 1 range with good reso
lution and with no selection rules, so all the modes are, in principle, 
observable. VISION also has a large area detector in near backscattering 
that enables high quality neutron powder diffraction data to be collected 
simultaneously with the INS measurements. Low resolution neutron 
powder diffraction data are also present in the SEQUOIA data at E = 0.

2.6. Computational methods

Dispersion corrected periodic density functional theory (DFT-D) 
calculations were carried out with CASTEP (version 21.21) [33]. 
On-the-fly generated norm conserving pseudopotentials with a 
plane-wave cut-off of 840 eV were used with the PBE [34] functional 
with the Tkatchenko-Scheffler [35] dispersion correction scheme within 
the generalized gradient approximation (GGA). The Brillouin zone 
sampling of electronic states was performed with Monkhorst-Pack grids, 
details of the cells, the k-points and the convergence are given in 
Table S1 of the Electronic Supplementary Information (ESI). The equi
librium structure, an essential prerequisite for lattice dynamics calcu
lations, was obtained by BFGS geometry optimization. Crystallographic 
Information Files (.cif) of all of the optimised structures are included in 
the ESI. Phonon frequencies were obtained by diagonalization of the 
dynamical matrix, computed using density-functional perturbation 
theory (DFPT) [36] to compute the dielectric response and the Born 
effective charges, and, from these, the mode oscillator strength tensor 
and infrared absorptivity were calculated. In addition to the calculation 
of transition energies at zero wavevector, for some systems, phonon 
dispersion was also calculated along high symmetry directions 
throughout the Brillouin zone. For this purpose, dynamical matrices 
were computed by DFPT on a regular grid of wavevectors throughout 
the Brillouin zone, and Fourier interpolation was used to extend the 
computed grid to the desired fine set of points along the high-symmetry 
paths [37]. Note that DFPT does not require the specification of super
cells. The atomic displacements in each mode, which are part of the 
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CASTEP output, enable visualization of the modes in Materials Studio 
[38] to aid assignments and are also all that is required to generate the 
INS spectrum using the program AbINS [39] or OCLIMAX [40]. It is 
emphasised that, for the calculated spectra and dispersion curves shown, 
the transition energies have not been scaled.

3. Results and discussion

3.1. Structural studies

Fig. 1 shows the P6m2 [11] (a) and P3m1 [12] (c) structures. The 
individual layers in both structures are identical; the differences arise 
from how they are stacked. By sliding the second layer relative to the 
first, it is possible to generate a range of new structures. Two of these 
structures, Cmc21 and P63mc are also shown in Fig. 1 (b and d respec
tively). The reasons for doing this will be discussed in Section 3.4.

BET analysis of the material reveals a surface area of 101 m2 g− 1. 
XRD indicates a crystallite size of ~3 nm and that there are approxi
mately five layers present. Neutron and X-ray diffraction data are shown 

in Fig. 2 and are compared with the diffractograms calculated for the 
four structures shown in Fig. 1. Two key observations are apparent: all 
four structures produce broadly similar diffraction patterns for both ND 
and XRD, and while they all share similarities with the experimental 
data, none can fully reproduce it. As noted by other authors [11,12], this 
is undoubtedly a consequence of the turbostratic disorder of the layers. 
A weak peak at 1.9 Å− 1 (see also Fig. S1) is apparent in the experimental 
ND data that is not predicted by any of the models. This is assigned to the 
(002) reflection of a small amount of unreacted graphite [41].

3.2. Solid state 13C and 19F NMR spectroscopy

Fig. 3 shows the solid state 13C and 19F NMR spectroscopy of our 
graphite monofluoride sample. The NMR spectra have been compre
hensively investigated by several authors [10,17]. Following the liter
ature [24] the 13C peaks are assigned as: graphite (137 ppm), edge 
terminating CF2 (109 ppm), (CF)n + (C2F)n (88 ppm) and C–C–F of 
(C2F)n (55 ppm). The last of these is somewhat unexpected as 42 ppm is 
the accepted value. However, the vibrational spectroscopy clearly shows 

Fig. 1. Structural models of graphite monofluoride. Left hand side: view perpendicular to the longest axis, right hand side: view down the longest axis. (a) P6m2, (b) 
primitive cell of Cmc21, (c) P3m1 and (d) P63mc. In (d) the atoms in the second layer are shown in yellow for clarity, the fluorine atoms are labelled “F” and the 
carbon atoms are directly below the carbon atoms in the top layer. Key: grey = carbon, turquoise = fluorine. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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the presence of (C2F)n, (see section 3.5). The 19F peaks are assigned as 
[17]: edge terminating CF2 (− 115 ppm and − 129 ppm), (C2F)n with 
(C2F)n neighbours, (− 171 ppm), (C2F)n with (CF)n neighbours, (− 177 
ppm) and (CF)n (− 186 ppm). The chemical shifts of (C2F)n with (C2F)n 
and (CF)n neighbours differ from the literature values (− 178 and − 183 
respectively [24]) but the positions are determined by curve fitting 
(both here and in Ref. [17]), so some difference in position for weak, 
strongly overlapped species is not unexpected.

Based on the areas of the 88 and 55 ppm peaks in the 13C spectrum, 
we find that there is ~20 % (C2F)n present in the sample with an overall 
F/C ratio of 0.84. Both of these are lower bounds; the data are noisy and 
the peak assigned to C–C–F of (C2F)n is not at the literature value, so may 
be another species. It is clear that the majority species (>80 %) present is 
(CF)n with some graphite and (C2F)n.

3.3. Vibrational spectroscopy

Fig. 4 shows the infrared and INS spectra of graphite monofluoride. 
The infrared spectrum (Fig. 4a) closely resembles those previously re
ported for stoichiometric (or nearly so) samples from both commercial 
[42] and in-house preparations [21,23]. The very strong band at 1196 
cm− 1 is assigned as the C–F stretch of carbon atoms bonded to three 
adjacent carbon atoms i.e. as shown in Fig. 1. While this is the usual 
assignment, what has not been noted before is that this is unusually high 
for a C–F stretch; in a series of monofluoro n-alkanes [43] (C4, C5, C6) 

the C–F stretch occurred in the 1000–1100 cm− 1 range. In the hydro
genated analogue of graphite monofluoride, (hydrogenated crystalline 
graphite, hydrographite or graphane [44,45]) the ratio of the C–H 
stretching mode (2850 cm− 1) to the C–D stretch (2080 cm− 1) is 1.36, 
which closely follows the square root of the ratio of the reduced masses 
of C–D and C–H. If we assume the force constant between C and F is the 
same as that between C and H (or D), then the expected C–F frequency 
should be 1002 cm− 1, also in good agreement with [23]. This suggests 
that the C–F bond in graphite monofluoride is unusually strong.

The second strongest band is at 328 cm− 1, this was previously [23] 
assigned as an edge-terminating CF2 deformation mode. However, an 
assignment to the C–F bending mode is more reasonable on intensity 
grounds.

In addition to these bands, there are weak features in the infrared 
spectrum at 1566, 1358, 1251, 976, 945 and 551 cm− 1. The band at 
1358 cm− 1 has been assigned [23,24] as a C–F stretching mode of 
edge-terminating CF2 groups. By comparison with the spectra and as
signments for perfluorocyclohexane [46], PTFE [47] and 2,2-difluoro
propane [48] we agree with this view. We will discuss this in more 
detail in the section on Computational Studies. The 551 cm− 1 band is 
assigned as the CF2 scissors mode. The doublet at 976 and 945 cm− 1 has 
been seen in other work [22] but not assigned. Perfluorocyclohexane 
[46] has a very strong doubly degenerate Eu mode at 986 cm− 1 that is 
assigned as a C–C stretch and we adopt this assignment for the 976 cm− 1 

mode. .The 945 cm− 1 band will be discussed in section 3.5.

Fig. 2. Neutron (left) and X-ray (right) diffractograms of graphite monofluoride. The experimental spectrum is at the top in each case and below are the calculated 
diffractograms for the structures shown in Fig. 1. For the neutron data, the sample was held in an aluminium cell, the calculated ND pattern for this is also shown.

Fig. 3. Room temperature solid state NMR spectroscopy of graphite monofluoride: (a) 13C and (b) 19F. In (b) the peak marked with * is a spinning side band 
(see Fig. S2).
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The most striking feature of the INS spectrum of graphite mono
fluoride recorded on VISION, Fig. 4b, is its stark contrast to the infrared 
spectrum of the same material. There are several reasons for this. The 
intensity of an INS feature is determined by both the amplitude of mo
tion of the atoms in the mode and the scattering cross section of the 
atoms. Given that carbon and fluorine have similar masses, 12 and 19 
amu, the amplitudes of motion will be similar. The total scattering cross 
section’s are also similar (C = 5.551 b, F = 4.018 b, 1 b = 10− 28 m2), so 
together these two factors ensure that C and F will both contribute 
significantly to the observed spectrum. In contrast, the infrared spec
trum is dominated by modes involving fluorine. In addition, the peak 
shapes of the INS bands exhibit considerable structure compared to the 
infrared spectrum. Both of these observations (the difference in peak 
maximum and the band shape) are evidence for strong vibrational 
dispersion (variation of peak position with wavevector) in graphite 
monofluoride. INS is sensitive to all wavevectors across the entire Bril
louin zone, whereas infrared and Raman spectra are observed at the 
Brillouin zone centre (the Γ-point). This will be supported in Section 3.3
Computational studies.

Neutrons are highly penetrating because they are scattered by the 
atomic nuclei, rather than the electrons. Thus, most of matter is empty 
space to a neutron. As a result, unless the surface area is very large, the 
spectra are representative of the bulk of the sample. This is the case here; 
the surface area is modest (101 m2 g− 1), so the edge terminating species 
are not seen in the INS spectra.

The INS spectrum recorded with SEQUOIA using 250 meV incident 
energy (~2000 cm− 1) is shown in Fig. 4c (spectra recorded with other 
incident energies are shown in Fig. 4e and Fig. S3) and the similarity to 
the VISION spectrum is clear. However, weak features at 1425 and 1600 
cm− 1 are present and comparison with the INS spectrum of graphite 
[49], Fig. 4d, suggests they should be assigned to unreacted graphite.

The spectrum recorded with SEQUOIA using 650 meV incident en
ergy(~5240 cm− 1) is shown in Fig. 4e. There are no modes in the C–H or 
O–H stretch region above 2800 cm− 1, consistent with the stated 
composition (CF0.8 – 1.1, i.e. there is no H present). There is a very weak 
feature at 2350 cm− 1, which we assign as the first overtone of the 
overlapping C–C and C–F stretch modes (Fig. 4f). Since this is close to 
twice that of the fundamental mode (2 × 1196 = 2392 cm− 1), this in
dicates a harmonic, or nearly so, system (overtones and combinations 
are allowed modes in INS spectroscopy).

The Raman spectrum of graphite monofluoride is shown in Fig. 5. 
Fig. 5a, the spectrum at room temperature, closely resembles previous 
work [22,50]. The spectrum recorded at 10 K with baseline correction to 
remove the fluorescence background, Fig. 5b, consists of two prominent 
peaks at 1545 and 1307 cm− 1 and two weaker peaks at 1420 and 1184 
cm− 1. The peaks at 1545 and 1307 cm− 1 are assigned as the G and D 
bands of graphite [51]. These peaks are only present if there is some 
residual, unreacted graphite present in the sample, consistent with the 
ND results of Fig. 2 and the SEQUOIA data in Fig. 4c. This is also in 
agreement with the dark grey colour of the material, as it has been 
shown [13,23,25] that as the material approaches being stoichiometric 
(CF)n, its colour progressively lightens from black to white. The presence 
of graphite would also account for the 1566 cm− 1 infrared band in 
Fig. 5a. The amount of unreacted graphite must be small and highlights 
the high sensitivity of Raman spectroscopy to graphite. The 1420 cm− 1 

Raman band is probably due to amorphous carbon. The weak band at 
1184 cm− 1 is close to that seen in the infrared spectrum for the C–F 
stretch and we assign it as such. This is the first time that this mode has 
been seen in the Raman spectrum of graphite monofluoride.

3.4. Computational studies

In this section, we use periodic density functional theory calculations 
(DFT) to investigate the relative stability of the structures and to support 
the vibrational assignments given in the previous section. Previous DFT 
studies on a variety of fluorinated carbons are reviewed in Ref. [2].

From the diffraction studies all of the structures in Fig. 1 could be 
present in graphite monofluoride. This is because the in-plane structure 
is the same in all cases and they only differ in the interlayer ordering as a 
result of the turbostratic disorder.

Fig. 4. Vibrational spectra of graphite monofluoride. (a) Infrared at room 
temperature, INS at 10 K recorded with (b) VISION and (c) SEQUOIA (250 meV 
incident energy) spectra of graphite monofluoride. (d) INS (at 10 K) spectrum of 
graphite recorded with TOSCA [49], (e) INS spectrum of graphite monofluoride 
recorded with SEQUOIA (650 meV incident energy) (spectra recorded with 
other incident energies are shown in Fig. S3) and (f) × 5 ordinate expansion of 
(e), the error bars are also shown. The dashed line in the lower figure indicates 
the first overtone of the overlapping C–C and C–F stretch.

Fig. 5. Raman spectra of graphite monofluoride. (a) recorded with 532 nm 
excitation at room temperature and (b) recorded at 10 K after base
line correction.
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Table 1 shows the results of the DFT calculations (a more complete 
version is shown in Table S2) and it can be seen that the energy differ
ences between the structures are tiny and generally less than DFT ac
curacy [52] (typically 5–10 kJ mol− 1, 1 kJ mol− 1 = 10 meV). This is 
likely a consequence of the energetics being dominated by the in-plane 
structure, which is common to all of the structures, with the weak 
inter-layer forces only making a small contribution.

However, a more intriguing observation is that two of the structures 
are dynamically unstable as evidenced by the presence of imaginary 
modes at the Brillouin zone Γ-point. Inspection of the mode animations 
reveals that the two imaginary modes in P6m2 are inter-layer shearing 
modes. In this structure, the shortest inter-layer contact is F⋅⋅⋅F at 2.807 
Å, which is significantly less than twice the van der Waals radius of 
fluorine (2 × 1.47 = 2.94 Å). If one of the layers is translated by 0.7 Å, so 
that the F⋅⋅⋅F distance increases to 3.037 Å, the space group becomes 
Cmc21. This has one imaginary mode, which is also an inter-layer 
shearing mode. If the second layer is further translated such that one 
of the C–F bonds is directed to the centre of the hexagon of C–C bonds in 
the layer above (see Fig. 1d), the space group becomes P63mc with all 
real modes across the entire Brillouin zone, Fig. 6a. We find that the 
P3m1 structure also has all real modes across the entire Brillouin zone, 
Fig. 6b. In this structure the C–F bonds point to a carbon atom in the 
layer above. This suggests that structures where there are F⋅⋅⋅F in
teractions (i.e., P6m2 and Cmc21) are likely to be disfavoured and 
probably only occur as defects.

A stringent test of a model is how well it reproduces the experimental 
INS spectrum. Fig. 7 shows a comparison of the INS spectra calculated 
for the P63mc and P3m1 structures at the Brillouin zone centre (Γ-point) 
and for the full dispersion calculation across the entire Brillouin zone.

It is apparent that the Γ-point calculation ((c) in both parts of Fig. 7) 
does not describe the spectrum well. Inspection of the dispersion curves 
in Fig. 6 shows that all of the modes are strongly dispersive and since the 
INS spectrum can be considered to be a weighted projection of the 
dispersion curves on the wavenumber axis, this is unsurprising.

Both complete dispersion calculations reproduce the experimental 
spectrum well. The C–C and C–F stretching modes at 1000–1200 cm− 1 

are slightly underestimated but the overall shape of each of the features 
is reasonably well reproduced. The best match, Fig. 7b, is a broadened 
calculated spectrum. This is because there are only a limited number of 
k-points calculated (in order to make the calculation tractable) and the 
real material is not a perfect, ordered structure. Broadening the spec
trum is a crude, but effective, way to compensate for both effects.

Close inspection shows that the P63mc structure is a slightly better 
match, but the differences between it and the P3m1 structure are small. 
This is again a consequence of the strong in-plane bonding, which is 
common to both structures.

Decomposition of the calculated INS spectra in Fig. 7 for the P63mc 

structure into the neutron weighted vibrational density of states (VDOS) 
of carbon and fluorine provides an explanation for the difference in peak 
maxima for the infrared and INS spectra (see Fig. 4a and b). From Fig. 8, 
it can be seen that most of the strong feature at 1000–1400 cm− 1 is 
accounted for by the strongly dispersive C–C stretch modes and that the 
dispersive C–F stretch modes make only a minor contribution (Fig. 8b 
and c). For the modes at the Brillouin zone Γ-point, those associated with 
the C–F stretch are at lower energy than the C–C stretch modes but still 
occur higher than the peak in the neutron weighted VDOS. As the 
infrared spectrum is only active at the Γ-point, it follows that the INS and 
infrared spectra will show different peak maxima, with that of the 
infrared being at higher wavenumber, exactly as seen in Fig. 4. The same 
is also true for the P3m1 structure and this is shown in Fig. S4.

In the same way that graphene is related to graphite, fluorographene 
[53] is the single layer version of graphite monofluoride. Computational 
studies [54,55] of fluorographene find the chair conformation to be 
lowest in energy, exactly as for graphite monofluoride. The vibrational 

Table 1 
C–C and C–F bond distances, the energies per CF unit of the structures studied 
and the number of imaginary modes at the Brillouin zone Γ-point.

Structure C–Ca

/Å
C–F 
/Å

Relative energy 
per CF unit 
/meV

No. of imaginary 
modes at Γ-point

P6m2 1.552 
(1.557)

1.375 
(1.289)

21.5 2

Cmc21 1.580 1.376 0.8 1
P3m1 1.580 

(1.585)
1.376 
(1.349)

1.4 0

P63mc 1.580 1.376 0.0 0
PDF X-ray (1.574) (1.361) ​ ​
PDF 

neutron
(1570) (1.330) ​ ​

a Values in brackets are experimental values from Ref. [11] (P6m2) [12], 
(P3m1) and [13] (PDF X-ray and PDF neutron).

Fig. 6. Dispersion curves for graphite monofluoride: (a) P63mc and (b) 
P3m1 structure.
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modes are strongly dispersive and the VDOS is very similar: the C–C 
stretch modes dominate the 1000–1400 cm− 1 region and the C–F bend 
modes the 1000–1400 cm− 1 region, as found here for graphite 
monofluoride.

The mode visualisations enable the experimental INS spectrum to be 
assigned: the broad feature at 1100–1300 cm− 1 are the C–C stretch 
modes with the C–F stretch modes only making a minor contribution. 
The structured bands at 500–800 cm− 1 are the ring bending modes and 
the broad, intense band at 200–400 cm− 1 is the C–F bending modes. The 
complex shapes arise from the strong vibrational dispersion present in 
all the modes, see Fig. 6.

Comparison of the SEQUOIA data with that generated from the 
calculated P3m1 structure shows some interesting features (Fig. 9). The 
calculated spectra reproduce the structure apparent in the experimental 
spectra, particularly the “arches” that result from sampling neighbour
ing Brillouin zones. This is a result of both carbon and fluorine being 
almost purely coherent scatterers.

3.5. Dicarbon monofluoride, (C2F)n

The graphite monofluoride used in this work is a commercial mate
rial with a stated F:C ratio of 0.8–1.1. The neutron diffraction, NMR and 
INS studies show that there is unreacted graphite present (Fig. 2 (left), 
3a, 4c, S1) and also partially reacted material present i.e. dicarbon 
monofluoride, (C2F)n. The bands at 1340 and 946 cm− 1 in the infrared 
spectrum have been previously assigned to this phase [17] and they are 
present in our material. Comparison of our infrared spectrum, Fig. 4a, 
with that of a series of fluorinated graphites that have been charac
terised by 13C NMR [17] and using the correlation proposed between the 
ratio of the intensities of the 1340 and 1200 cm− 1 and the 940 and 1200 
cm− 1 infrared bands, suggests that our sample contains ~10 % (C2F)n, in 
general agreement with the 13C NMR result (~20 %). Both methods 
ignore the graphite content, so the wt% in the sample would be less than 
this. As noted earlier, INS measures the bulk, so is relatively insensitive 
to impurities. At the 10 % level, (C2F)n is unlikely to be seen in the INS 
spectrum. Fig. S5 compares the experimental INS spectrum with that 
calculated for the P3m1 structure of (C2F)n, it can be seen that the match 
is much poorer than that seen in Fig. 7. Fig. S6 shows a comparison of the 
calculated spectrum of (CF)n with that with 10 % (C2F)n included. It is 
apparent that there is little difference between the two.

3.6. Edge termination in carbon monofluoride

Previous work [17] has shown that in samples with a high content of 
(C2F)n the 940 and 1340 cm− 1 infrared bands have nearly 1:1 intensity, 
in contrast to the ~1:10 seen in our material. This suggests that there is 
an additional contribution to the 1340 cm− 1 band. As the material has 
finite particle size, it follows that there must be edges and to avoid 
dangling modes these must be terminated. These are most likely to be 
CF2 groups, as shown by 13C and 19F NMR studies [10,17] and our data 
(Fig. 3).

To investigate the effects of edge termination, we took the P3m1 
model and cleaved it along (1 0 0). This resulted in dangling bonds that 
were then terminated with fluorine, to generate surface CF2 groups (see 
Fig. 10 top part for the structure). This is not intended as a realistic 
model because the ratio of edge terminating CF2 groups to bulk C–F 
bonds is too high. (The average platelet size is ~3 nm, the length of the 
system shown is ~1.6 nm. Increasing this to 3 nm would make this 
computationally expensive). As noted earlier, the INS spectra are not 
sensitive to the surface termination, but the infrared spectra are. 
Fig. 10a–c shows the experimental infrared spectrum and those calcu
lated for the infinite model and with terminating CF2 groups.

For the infinite structure, the mode visualisations confirm our 
assignment (Section 3.2) that the band at 328 cm− 1 is the C–F bending 
mode. Comparison of the calculated spectrum for the infinite structure 
with that with terminating CF2 groups (Fig. 10b and c respectively) 
shows additional bands that largely agree with those seen in the 
experimental spectrum. The highest energy band in the spectra for the 
structure with terminating CF2 groups is at 1283 cm− 1 and the mode 

Fig. 7. Comparison of experimental and calculated VISION INS spectra of 
graphite monofluoride. The top part corresponds to the P63mc and bottom to 
the P3m1 structure. For both parts (a) is the observed INS spectrum, (b) is from 
a calculation of the complete Brillouin zone that has been broadened and (c) is a 
calculation at the Brillouin zone Γ-point at VISION’s resolution.

Fig. 8. Calculated INS spectrum and vibrational density of states (VDOS) for 
graphite monofluoride in the P63mc structure. (a) is the calculated INS spec
trum, (b) and (c) are the neutron weighted VDOS for carbon and fluorine 
respectively from a calculation of the complete Brillouin zone that has been 
broadened, (d) and (e) are the VDOS for carbon and fluorine respectively from a 
calculation at the Brillouin zone Γ-point at VISION’s resolution.
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visualization shows that this is the symmetric (in-phase) C–F stretch of 
CF2 groups. This is in agreement with 2,2-difluoropropane [47], but 
disagrees with perfluorocyclohexane [45] and PTFE [46], where the 
asymmetric (out-of-phase) stretch is at higher energy. The calculations 
indicate that the asymmetric stretch is around 1150 cm− 1, so we assign 
the weak band at 1251 cm− 1 to this mode. The calculations confirm that 
the 976 cm− 1 band is a

C–C stretch and the CF2 scissors as the 551 cm− 1 band (495 cm− 1 

calculated). The other three modes associated with the CF2 groups (rock, 
wag, twist) are all predicted to have low infrared intensities so are not 
seen.

4. Conclusions

In this work we have investigated the structure and vibrational 
spectroscopy of commercial graphite monofluoride by experimental and 
computational methods. Two structures have been previously proposed 
for graphite monofluoride, P6m2 and P3m1; our lattice dynamics cal
culations show that the former is dynamically unstable. We have 
generated two new structures by displacement of one layer relative to 
another, Cmc21 and P63mc. Again, the former is dynamically unstable. 
The common feature of these dynamically unstable structures is the 
presence of F⋅⋅⋅F contacts; the stable structures align as F⋅⋅⋅C (P3m1) and 
with the fluorine atoms pointing to the centre of the carbon hexagons 
(P63mc).

The infrared spectra are dominated by the C–F stretch and bend 
modes, weak features due to (C2F)n and CF2 edge terminating groups are 
also present and these are assigned with the aid of DFT calculations. We 

Fig. 9. Comparison of experimental and calculated SEQUOIA INS spectra of graphite monofluoride. Experimental (left) and calculated (right) SEQUOIA INS spectra 
of graphite monofluoride for the P3m1 structure. Top: with 444 cm− 1 incident energy, bottom: with 1250 cm− 1 incident energy.

Fig. 10. Top: P3m1 model cleaved along (1 0 0) and terminated with fluorine 
to generate surface CF2 groups. Bottom: comparison of: (a) experimental and 
(b) calculated infrared spectra of graphite monofluoride with the P3m1 struc
ture and (c) the CF2 terminated structure shown in the top part.
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have also measured the INS spectra of graphite monofluoride for the first 
time, using two complementary spectrometers, VISION and SEQUOIA. 
Comparison of the observed and calculated INS spectra show that both 
the P3m1 and P63mc structures provide good matches to the spectra. 
This is a consequence of the spectra being dominated by the in-plane 
structure which is common to all models (note that fluorination of 
graphite results in interlayer expansion by about 84 %). The INS spectra 
show that there is extensive vibrational dispersion present in graphite 
monofluoride which is confirmed by DFT calculations of the complete 
Brillouin zone. Neutron diffraction, 13C solid state NMR, Raman and INS 
spectra show the presence of some residual unreacted graphite, consis
tent with the dark grey colour of the material. There is also some 
partially reacted graphite present as dicarbon monofluoride.
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