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Abstract. To study the origin of semimetal-metal and metal-insulator transformations,
localization effects and C—F bonding in fluorine-intercalated graphite, &C and!°F NMR
investigations have been carried out for a wide range of fluorine conteht<3x < 12.7.
Fluorine spectra for small fluorine content,> 8, are attributed to mobile fluorine acceptor
species which are responsible for the increase of electric conductivity in the dilute compound.
When increasing the fluorine content to ~ 8 corresponding to the maximum electric
conductivity, covalent C—F bonds start to occur. The number of these bonds grows with fluorine
content resulting in a decrease in conductivity which is caused by a percolation mechanism rather
than by a change in bond length. A differencelffr chemical shift for fluorine-intercalated
graphite GF and covalent graphite fluorid€F),, has been observed and is attributed to different
C-F bonding in these compounds.

1. Introduction

Fluorine-intercalated graphite and graphite fluorides have attracted much attention because
of their potential for industrial application as lubricants and as cathode materials in
lithium batteries [1,2]. They are now considered a unique family of graphite intercalation
compounds (GICs) which exhibits a behaviour that is strikingly different from all other
known GICs [3—-11]. For most GICs the in-plane electrical conductivitgitially increases
upon intercalation due to the increase in charge carrier density resulting from injection of
carriers (electrons for donors and holes for acceptors) from the intercalate species to the
graphite layers, often resulting in an increase in conductivity by an order of magnitude
and transformation of the semimetallic graphite into a metal. Upon further intercalation,
the conductivity decreases, but only slightly. In fluorine-intercalated graphite, tbe
in-plane conductivity also increases with the increase of fluorine concentration for dilute
compoundsx > 8, has a plateau for 8 x > 6, but then, in contrast to the other GICs,
decreases sharply with further intercalation [3,4,6,11]. The temperature dependence of
the resistance suggests thatFQundergoes a transition from a system of weakly localized
carriers ¢ > 3.6) to a system of strongly localized carriens € 3.6) [6].

Based on XPS and x-ray data, it was suggested that the planarity of carbon shegéts in C
is maintained and the nature of C—F bonding changes from ionic to a more covalent character
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(called semicovalent or semi-ionic) with increased fluorine content [5,7,10-12]. Such an
increase in the covalent character of the C—F bond was expected to reduce the carrier density
and cause a rapid decrease in conductivity. However, a percolation mechanism due to the
increasing number of covalent C—F bonds may also play an important role [3, 4, 13]. For the
dilute, purely ionic compound, Fis considered an acceptor which transforms semimetallic
graphite into a metal [5, 7,10-12].

The objective of the present paper is the NMR investigation of F-GICs to study C-F
bonding and to explain the semimetal-metal and metal-insulator transformations and the
localization effects in fluorine-intercalated graphite. Chemical shifts measured by NMR
are sensitive to local bonding and site distribution effects, and line shape analysis yields
information on atomic mobility 2*C and'®F NMR study of GF compounds in a wide range
of fluorine content, B < x < 127, has been performed. These fluorine concentrations
cover both a regime of increase in conductivity as well as an intermediate region in which
the conductivity has a plateau and starts to decrease. For comparison, graphite fluorides
(ChH, and(C;F),, have also been studied. These compounds are insulators, C—F bonds are
completely covalent and the carbon skeletons are no longer planar but consist of carbon
layers corrugated due to $pybridization and with covalent C—F bonds lined up from both
sides perpendicular to this plane [14-18].

2. Experimental details

Samples of CF with x = 3.8, 4.6, 6.0 and 6.5 have been prepared by fluorination of
graphite fibres heat treated at 2850-2900Graphite fibres were placed in a pre-evacuated

(by a rotary pump) reactor and were allowed to react with fluorine gas (1 atm) for 14 to 60
days at room temperature in the presence of traces of HF as catalyst [12]. The other samples
with x = 4.5, 6.9, 7.3, 8.0, 9.1, 9.6, 10.2 and 12.7 have been prepared by fluorination of
powdered natural graphite (57—¢4m) at the same conditions. All samples were sealed
into quartz tubes in a dry nitrogen atmosphere. X-ray data on interlayer distances and stage
numbers are given in table 1. Graphite fluorid€$), and (C,F), have been prepared by
graphite fluorination at temperatures 450-500 and 3502@0€espectively.

Table 1. Interlayer distances and stage numbers of fluorine-intercalated graphite.

Compound  Stage I. (A)

CssF 1 5.15
Ca6F 1 5.08
2 9.24
Cs.oF 2 9.25
Cs.oF 2 9.29
CssF 2 9.64
CysF 1 4.69, 5.24
2 9.41
Cs.oF 2 9.55
3 12.74
Cs3F 2 9.57
3 12.76
CgoF 3 12.87
Co1F 3 12.76
CosF 3 12.77
CosF 4 16.32
Cio02F 4 16.38
Ci27F 4 16.90
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Room temperaturé®F NMR spectra have been recorded at 282.4 MBg £ 7.05 T)
with a CXP Bruker pulse NMR spectrometer using Fourier transformation of the free
induction decays. Chemical shifts have been measured relative to freong.CB®ice
the room temperatur®F spectra consist of broad and narrow lines which exhibit different
spin—spin relaxation time®, (e.9.,72, = 92 us andTy,,, = 2.7 ms respectively for &F),
we also recorded the narrow line only using an echo sequence with a delay between pulses
longer thanTy,, making the broad line disappear. By subtraction of the narrow line from
the total spectrum we obtained the broad line separately. In addition, temperature variable
9F NMR spectra between 77 and 300 K have been recorded at 28.05 Bz 0.7 T)
with a Tecmag pulse NMR spectrometer using Fourier transformation of the phase cycled
solid echo.*C NMR spectra at room temperature have been recorded at 75.48 MHz with
a CXP Bruker pulse NMR spectrometer using Fourier transformation of the phase cycled
Hahn echo.r*C chemical shifts are given relative to TMS. To check the residual hydrogen,
IH NMR at 28.05 MHz has also been performed.

3. Results and discussion

13C spectra of GF at room temperature are given in figure 1. All spectra are similar
showing a shape which is characteristic for an axially symmetric chemical shielding tensor,
although the shoulder @ is not very pronounced. Because there is no large contribution
of the carbon-fluorine dipolar coupling present in these spectra, they were attributed to

300 200 100 0 100 -200
ppm (rel. to TMS)

Figure 1. 13C NMR spectra of fluorine-intercalated graphite at room temperature. The simulated
spectrum for axially symmetric chemical shielding tensor is shown by dashed line.
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carbons that are not bound to fluorine. The positions of the centre of gigwtyd of the
singularity até, for all spectra practically coincide. From the line shape analgsiand

the chemical shielding anisotrogy, = §; — §, are found to bes; = 112+ 5 ppm and

8. = —120+ 10 ppm relative to TMS. The obtained valuedpfis close to thé*C chemical

shift determined in graphiteéS{= 119 ppm) and in GICs of acceptor type, GIC& & 113

to 130 ppm) [19,20]. The value of chemical shielding anisotrépyis in satisfactory
agreement with experimental data for GICs of acceptor type which shdvwom —120 to
—150 ppm [19-21] and with the value 6f for GICA calculated from the band structure

(6, ~ —140 ppm), which is shown to be practically independent of charge transfer and
the intercalate concentration [20]. We notice that for GICAs, Knight shift is negligible and
the shifts come mainly from a paramagnetic (Ramsey) term which arises from the mixing
between the occupied ground state and the unoccupied excited states due to the partial
unquenching of the orbital moment of the electrons in the external magnetic field.

Low field (By = 0.7 T) °F measurements show that, for most of the samples (except
for dilute compoundsy > 8), the 1°F spectra at room temperature consist of two lines
(figure 2): a narrow line4v ~ 1 kHz) from mobile fluorine species and a broad limev(
between~11 and~18 kHz forx = 8 and 3.8, respectively) from the ‘rigid lattice’. The
broad line is typical for graphite fluorides with covalent C—F bonds [16, 18, 22]; its width is
mostly due to dipolar coupling among the fluorines. At high magnetic field, 7 T, the room
temperature spectra also consist of broad and narrow lines, except for the dilute samples,
x > 8, which practically show only a narrow line (figure 3). When going from 0.7 to 7 T,
the width of the narrow line increases by a factor of ten, showing that shielding anisotropy
determines the line width. The line shape is characteristic for an axially symmetric shielding
tensor withs, —8, = 46 ppm which results from motional averaging (figure 3). Broadening

ppm
1500 1000 500 0 -500 -1000 -1500
T T T T T T T T T T T
B C445F
. I A PN
40000 20000 0 -20000 -40000

Frequency, Hz

Figure 2. Room temperaturé®F NMR spectrum of fluorine-intercalated graphite sE at
28.07 MHz.
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Figure 3. Room temperaturé®F NMR spectra of fluorine-intercalated graphite at 282.4 MHz.
In addition to an intensive broad line in the range betwe&® and—270 ppm, weak broad
peaks around ~ 0 ppm (shown in inset) exist; for more fluorinated compounds the fine structure
is not pronounced.

of this line at the temperature range 150 to 115 K indicates freezing of the mobility. The
intensive broad line in the range betweeB0 and—270 ppm is asymmetric with its centre

of gravity at§ ~ —150 ppm. It is attributed to ‘rigid’ covalent (or semicovalent) C—F bonds
in the graphite galleries. When going from 0.7 to 7 T, its width increases only by a factor
of ~2. Thus the contributions to the line shape from the chemical shift anisotropy and
from 1°F°F dipole—dipole interactions are of the same order. Since the shape of this line
is not typical for the convolution of an axially or nonaxially symmetric chemical shielding
tensor with a dipolar broadened line, we attribute it to a distribution of chemical shifts for
different F sites, i.e. it is expected that interior CF groups adjacent to aromatagpon

and to sp CF species show different chemical shift. This is in agreement with transmission
electron microscopy (TEM) measurements which have established the presence of disorder
in fluorine-intercalated graphite, buckling of the stiff graphene planes and formation of
islands of various fluorine concentrations [9]. The signal intensity in the range between
—50 and—120 ppm may be partially due to a contribution of Gihd Ck; groups resulting

from the fluorination of edges of the carbon planes. In addition to an intensive broad line
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mentioned above, there are also weak broad peaks akotnd ppm; for compounds with
higher fluorination the fine structure of these peaks is not pronounced (figure 3). Based on
the °F chemical shift, this low field tail may be attributed to —COF and —g@fups

[23, 24].

One can notice that in the region from= 8 to 3.8, in which the conductivity has a
plateau and starts to decrease with increasing fluorine content, the position and shape of
the broad line are practically independent of fluorine content (figure 3). This is better seen
from the spectra of the broad line only (figure 4), where the narrow line and the impurity
spike at—130 ppm were subtracted with the procedure described in section 2. The obtained
result indicates that the character of C—F bonds in the region frem8 to 3.8 is almost
unchanged. These data are in agreement with XPS measurements [12] showing that the
binding energy of the fluorine 1s {f electron is unchanged in the range ok4x < 9.

The intensity ratio of broad to narrow line decreases with decrease of fluorine content
(figure 5), until the broad line practically disappearsxat- 9. Moreover as mentioned
above, the increase in conductivity stops just at the fluorine content corresponding 8

when, from our NMR data, covalent C—F bonds occur. The correlation between the growth
in the number of the covalent C—F bonds and the drop in conductivity for the fluorine
concentrations above the value corresponding,tg allows us to suggest that this drop is
caused by a percolation mechanism rather than by a change in bond length. When such a
covalent C—F bond is formed, each fluorine atom blocks one node in the conductive graphite
network, and this node does not take part in the conductivity any longer. The critical number
of unblocked nodes (threshold for percolation) for a two-dimensional honeycomb lattice is
70% [25]. Conductivity measurements of FEshow that the conductivity drops to zero

at x ~ 3, which is just around 70%. The intensity ratio of the broad to narrow line for

x = 3 estimated from our spectra shows the number of unbound carbons around 73%, in

40 |

1 ; 1 . ! ; ! " 1
100 0 -100 -200 -300

ppm (rel. to CFCI,)

Figure 4. Broad 1°F line of fluorine-intercalated graphite at room temperature afnd=
2824 MHz.
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Figure 5. The amplitude ratio of broad to narroWF line in fluorine-intercalated graphite at
room temperaturevf = 2824 MHz).

satisfactory agreement with the aforementioned theoretical value. Thus the covalent C—F
bonds may be considered to be responsible for the percolation decrease in conductivity.

Concerning the nature of the C—F chemical bond, it is nevertheless different for
fluorine—graphite intercalation compound and graphite fluorides. The fully fluorinated
compound(CF),,, which is an insulator and exhibits completely covalent C—F bonds [12],
shows a chemical shift different from,E, indicating the difference in chemical bond
(figure 6). This picture is consistent with XPS measurements [12] of the binding energy
of an Ry electron. As was shown, the energy stays unchanged in the range:aof 4 9
and becomes different for < 4. The (CF), line shows a shift to high field in comparison
to C,F. This is in contradiction with the common fluorine chemical shift scale where
a more covalent compound exhibits a down-field shift [26,27]. Thus this difference in
chemical shift can hardly be described in terms of ionicity and covalency. From our data,
we have to conclude that CF groups adjacent to carbons in nonsaturgtedo@pound
exhibit a down-field chemical shift, while those adjacent té-lspbridized CF species in
the fully fluorinated and saturated compouf@F),, exhibit high-field chemical shifts. It is
noteworthy that the chemical shifts for fluorine nuclei in aliphatic, olefinic, aromatic and
ionic compounds overlap extensively [26]

Let us now discuss the increase in conductivity with increasing fluorine content for the
dilute compounds: > 8. In this regime, the room temperature spectra are represented by
only the narrow line attributed to mobile fluorines. One can suggest that this species is an
electron acceptor which, as for the other GICs, injects holes into the host graphite layers
and thus is responsible for the increase of conductivity for dilute compounds. This increase
comes to an end at ~ 8 when the covalent C—F bonds start to block the nodes of the

1 We notice that our data on chemical shift @F), prepared from natural graphite flake and petroleum coke,

§ = —174+10 and—162+10 ppm respectively, are in satisfactory agreement with the data of Hamwi who obtained
8(CPH), = —197+20 ppm [28] but they contradict the measurements of Wilkie who deterndif@8), = —55 ppm

[29]. (C2F),, showss = —165+ 10 ppm in agreement with = —145+ 15 ppm measured fqiCzF),, intercalated

with BrF3, CIF3, acetone and the other molecules [18].
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Figure 6. Room temperaturé®F NMR spectra of fluorine-intercalated graphite € and
graphite fluoride(CF),, at 282.4 MHz.

conductive network. According to the XPS data, fluorine intercalated into graphite is of a
purely ionic character at low concentrations and suchidsan acceptor which transforms
semimetallic graphite into a metal [5,7,10-12]. It should be noticed that no examples of
such a purely ionic C—F bond have been observed for fluorine—carbon compounds other
than F-GICs. Such a bond is supposed to be weak and to cause fluorine mobility just
as observed in our experiment. The value of tfié chemical shift of the narrow line

§ = —185+ 5 ppm is close to the shift of a fluorine ion in ionic crystals such as NaF
and MgF,, —221 and—187 ppm, respectively [30, 31]. The signal is typical for diffusing
ions and molecules whose shape is governed by anisotropic electron—nuclear interactions
partially averaged by diffusion [32—34]. Thus the attribution of the narrow line to mobile
fluorine ions seems realistic. One can notice that the shift of the narrow line is also close
to the shift of the HF molecule<192 ppm [26, 27]); moreover, a narro NMR signal

at room temperature is also observed in our compounds suggesting that HF species are
present. However, since the principal axes of dipole—dipole and chemical shift tensors
in the HF molecule coincide, the motional averaging is the same for both tensors; thus
doublet structure caused B—°F dipolar coupling must appear when chemical shielding
anisotropy is not completely averaged. The absence of such a doublet structure does not
allow us to assign the narrow signal to HF molecules. It is noteworthy that naftew

lines with the same temperature behaviour were obtained by Towtahfor both the
fluorine-intercalated graphiteg@F and the stage-2 ,EiF, compound [35].

Measurements of the temperature dependence of resistivity and expansion coefficient
show an anomaly around 150 K which was attributed to a phase transition [5, 11, 35-37].
As mentioned above, our spectra show the freezing of mobility at 150-115 K. Such a
correlation is interesting and allows us to suggest a correlation between these two effects;
however, the study of such a correlation is beyond the scope of our paper.
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4. Summary

13C and!®F NMR investigation of fluorine-intercalated graphiteFchas been carried out for

a wide range of fluorine content,8< x < 12.7. The°F line shape shows a distribution

of chemical shifts for different F sites. Differences i chemical shift for fluorine-
intercalated graphite & and covalent graphite fluoridg€F),, have been obtained and

are attributed to different C—F bonding in these compounds. Fluorine spectra=foB

are attributed to a mobile fluorine acceptor species which is responsible for the increase in
conductivity with increasing fluorine content in the dilute compound. At a fluorine content
of x ~ 8 corresponding to the maximum of conductivity, the formation of the covalent C—F
bonds starts. The number of such bonds increases with growing fluorine content resulting
in a drop in conductivity which we attribute to a percolation mechanism rather than to the
change in bond length. These results provide an atomic level rationale for understanding of
physical properties of fluorine—graphite intercalation compounds.
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