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Abstract: The relation between the composition and crystal structure of graphite fluoride is studied. The formation of a new 
chemical compound, "polydicarbon monofluoride", represented by the formula (CjF)n, was confirmed under relatively mild 
direct fluorination of graphite. The composition of nonstoichiometric graphite fluoride prepared at temperatures less than 600 
0C is not homogeneous but a mixture of (CF)n and (CjF)n. The fluorination of graphite first leads to the formation of (CF)n 
in the very thin film of surface followed by the formation of (CjF)n and further fluorination again leads to the formation of 
(CF)n. The ratio (C2F)n/(CF)„, which is strongly dependent on the reaction temperature, decreases with increasing tempera
ture. The composition of graphite fluoride with F/C ratio less than unity varies no longer even after the treatment at higher 
temperature in a fluorine atmosphere. The color of graphite fluoride does not depend on the composition but on the reaction 
and treatment temperature. The two-dimensional structure of (CjF)n is regarded as a monoclinic system. The lattice constants 
are a = 5.01 A, b = 4.92 A, and y = 120.6°. The stacking of the above layers is a turbostratic structure which consists of layers 
stacked randomly at the same distance of about 8.8 A. 

Graphite fluoride has been known since 1934, when Ruff 
and Bretschneider1 had prepared a gray compound having a 
composition of CFo.92- Riidorff et al.2 - 5 reported thereafter a 
series of studies on graphite fluoride in publications that ap
peared between 1947 and 1959. Their main results may be 
summarized as follows. The products with compositions 
ranging from CFo.676 to CFn.988 have been obtained by careful 
control of the reaction between graphite and gaseous fluorine 
around 410-550 0 C. The fluorine-poor compounds are still 
black, and the color lightens with increasing fluorine content. 
The compound with the highest fluorine content is a pure white 
solid and its thin exfoliated layers are almost transparent. 
Hydrogen fluoride catalyzes the reaction of graphite with 
fluorine below 400 0 C , where graphite is practically inert to 
fluorine. A fluorine-hydrogen fluoride mixture reacts with 
graphite at room temperature to give a compound having a 
composition of C4F. 

In spite of these pioneering studies, systematic studies on 
graphite fluoride have not been made for a long time because 
its utility had not been recognized at that time, and hence de
tailed studies have not been attempted on the reaction mech
anism and physicochemical properties of the products. 

Since 1961, Watanabe et al.6-8 proposed that the anode 
effect in the production of elemental fluorine or aluminum by 
electrolysis is attributable to the formation of graphite fluoride 
film on the surface of a carbon electrode. This is due to a very 
low surface energy of graphite fluoride which served as a 
gaseous insulating film between electrode and bath. Since then 
a series of studies9-24 on the reaction mechanism, the crystal 
structure, and the physicochemical properties of graphite 
fluoride have been carried out in order to develop the appli
cation of this compound to various practical fields. Also, fun
damental studies of graphite fluoride have been reported by 
Margrave et al .2 5 - 3 3 since 1965 and recently by others.34-39 

Such unique physicochemical properties of graphite fluoride 
as low surface energy, solid lubricating characteristics, and 
oxidizing ability have been worthy of remark and applications 
in a wide variety of industrial fields have been proposed.40-52 

These characteristics strongly depend on the crystal structure 
of the products. However, the chemical composition of graphite 
fluoride obtained by direct fluorination of graphite at tem
peratures between 410 and 630 0 C ranges from CF0.68 to 
CFi 12 and their interlayer spacings vary widely in the range 
from 8.9 to 5.76 A.1'2-11-14-16-27-31-32 There are >CF 2 and -CF 3 

groups around the edges of the graphite fluoride 
layers.15,32 '38 '39 Excess fluorine of that required to form a 

stoichiometric compound, (CF)n , can be ascribed to this fact. 
On the other hand, (CFx )„ (x < 1) has been regarded as a 
mixture of (CF)n and unreacted graphite or a homogeneous 
compound. However, no plausible explanation has been given 
for such large variations in the composition and interlayer 
spacing of graphite fluoride. 

In this paper, experimental results with regard to the in
fluences of reaction temperature, fluorine pressure, particle 
size of graphite, and graphitization degree of carbon on the 
composition and crystal structure of graphite fluoride are de
scribed. Based on the data obtained, the relation between the 
composition and crystal structure is discussed as follows: (1) 
chemical composition of graphite fluoride, (2) crystal structure 
and properties of graphite fluoride, (3) formation process of 
(C2F)n and (CF)n . 

Experimental Section 

I. Apparatus and Procedure for Fluorination of Graphite. Natural 
graphites from Madagascar ores with particle size of 200-250 (62-74 
fim), 20-50 (279-840 /urn), and more than 400 mesh (<37 fim) were 
used as the materials for fluorination.53 The purity estimated from 
ash measurement was 99.5% and the impurities identified by atomic 
emission spectrochemical analysis were mainly various compounds 
of calcium, iron, and silicon. 

The fluorination apparatus used was a thermobalance specially 
designed for fluorine gas.21 About 25 mg of the graphite was spread 
uniformly on the sample pan, and then heated at 500 °C under vac
uum (under less than 1O-2 mmHg) for about 2 h to remove moisture. 
The fluorination has been carried out under a fluorine pressure of 200 
mmHg in the temperature range between 375 and 640 0C. The fluo
rination under fluorine pressures of 100,400, and 760 mmHg was also 
made in order to examine the pressure effect. 

However, a fairly large amount of uniform sample is required for 
the measurements of NMR, heat of immersion, etc. In a conventional 
static reactor, the retardation in the diffusion of fluorine gas in the 
voids between particles during the progress of reaction causes the 
formation of an inhomogeneous sample. A rotary reactor shown in 
Figure 1 was therefore designed and constructed. The main parts of 
the apparatus were made of nickel because such parts as the reaction 
tube (2), the reaction vessel (1), and its supporting rod (3) were kept 
at high temperature during the reaction and other parts, which were 
at ambient temperature, were made of Polyflon (polytetrafluoroeth-
ylene, PTFE, Daikin Co.), Daiflon (polytrifluorochloroethylene, 
PTFCE, Daikin Co.), copper, and stainless steel. In view of the cor
rosive resistance to fluorine at high temperature, an evulsion pipe (950 
mm in length, 60 mm o.d., and 50 mm i.d.) was used as the reaction 
tube. A leak-free seal around the reaction tube was achieved with a 
mechanical seal (11) which was filled with Daifloil (low molecular 
weight PTFCE, Daikin Co.). The mechanical seal is manufactured 
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Figure 1. Schematic diagram of rotary reactor for fluorination: 1, reaction vessel; 2, reaction tube; 3, supporting rod of reaction vessel; 4, cooling fan; 5, 
fin made of aluminum; 6, support pole of reaction tube; 7, flange; 8, toothed wheel: 9, chain; 10, motor; 11, bearing (mechanical seal); 12, thermocouple 
for measurement; 13, thermocouple for controller; 14, furnace; 15, flow meter for argon; 16, orifice-type flow meter for fluorine; 17, regulator cock; 
18, Hg manometer; 19, seal; 20-22, F2 absorber (soda lime pellets); 23, HF absorber (NaF pellets heated to 100 0C); 24, F2gas; 25, Ar gas; 26, recorder; 
27, temperature controller. 

Table I. Fluorine Contents of Graphite Fluoride Prepared at 
Various Reaction Temperatures and Times 

reaction temp, 0C 

375 
400 
425 
450 
450 
475 
475 
500 
525 
550 
570 
570 
600 

formation time, h 

120 
50 
40 
10 
70* 

5 
50" 

2.5 
1.67 
0.83 
0.67 

120" 
0.33 

fluorine, % 

47.96 
49.25 
49.70 
51.62 
51.45 
53.13 
53.37 
55.68 
58.07 
58.85 
60.356 

60.77* 
61.306 

" The values are longer than actual formation time. b Determined 
by the method using sodium peroxide as a combustion aid. 

by Torishima Pump Mfg. Co., Ltd. (LDU, 1107-5379-160, 200). The 
rotation number of the reaction tube was variable in the range between 
2 and 50 rpm. The reaction temperature was measured by a chro-
mel-alumel thermocouple (12) covered with nickel pipe, and con
trolled within ± 1 0C. The difference in temperature of each part of 
the reaction vessel (50 mm in length and 45 mm i.d.) was within 5 0C. 
The fluorine gas used was typically of 98% purity. The HF present as 
a contaminant in the fluorine gas was fixed as NaHF2 through NaF 
pellets heated at 100 0C (23). The flow rate of fluorine gas was 
measured with an orifice-type flow meter having an aperture of 0.10 
(16). The gage for measuring flow rate was made of PTFCE, and the 
liquid enclosed was low molecular weight PTFCE. In a mercury 
manometer (18), low molecular weight PTFCE was also used to 
separate mercury from fluorine gas. 

Graphite (1-2 g) was placed in the reaction vessel and evacuated 
with a rotary pump to remove air and moisture. In the reaction at 
temperatures higher than 450 0C, the sample was first treated for 1 
h at above 500 0C at a flow rate of 10 mL/min argon, and the furnace 
was set to the prescribed temperature. Then the reaction tube was 
rotated at 2 rpm and fluorine gas was flown to the reaction tube at a 
flow rate of 50 mL/min. 

In the reaction at temperatures lower than 450 0C where no py-
rolysis of graphite fluoride occurs, the sample was heat-treated at 500 

0C under vacuum for 1 h, and the furnace was set to the prescribed 
temperature. Then fluorine gas was introduced at a rate of 50 mL/min 
to atmospheric pressure. During the reaction, the fluorine pressure 
was monitored by the manometer, and maintained almost at the at
mospheric pressure, though the pressure drop was sometimes observed. 
The residual fluorine gas during the fluorination was removed by 
passing through the soda-lime tube (20) and (21). The exhaust of 
residual gas after a reaction was carried out through the soda-lime 
tube (22). 

II. Microdetermination of Graphite Fluoride. The composition of 
graphite fluoride was determined by the fluorine content in the fol
lowing manner.54 Weighed samples of 1-3 mg were decomposed ac
cording to an oxygen flask combustion method,55 and the fluorine was 
absorbed into water as hydrogen fluoride, but the fluorine content of 
the products prepared above 570 0C was determined by the method 
using sodium peroxide as a combustion aid. In the resulting hydrogen 
fluoride solution, fluorine was determined by an Orion Research 
Model 94-09A fluoride ion electrode. 

Results and Discussion 

I. Chemical Composition of Graphite Fluoride. Formation 
Time56 of Graphite Fluoride at Various Temperatures. Table 
I shows the formation time for the graphite with particle size 
of 200-250 mesh. The formation times were evaluated by the 
weight change of sample. As shown with the number in pa
rentheses, the F/C ratio did not change even after a long time. 
The formation time at 375 0 C is 120 h, while at 600 0 C it is 
only 20 min. Accordingly, the fluorination of graphite at each 
temperature has been carried out at least for more than the 
formation time. 

As the reaction rate of graphite fluoride is proportional to 
the square root of fluorine pressure,12 the formation time be
comes longer with decreasing fluorine pressure. On the other 
hand, the reaction time becomes necessarily longer with in
creasing the particle size of the sample. 

Effect of Reaction Temperature on the Composition of 
Graphite Fluoride. The dependence of the composition and 
color change of graphite fluoride on temperature is shown in 
Figure 2. The F /C ratio continuously increases from 0.58 at 
375 0 C to 1.03 at 640 0 C with reaction temperature. With the 
increase in temperature, the color varies from black without 
a metallic luster at temperatures below 500 0 C through gray 
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Figure 2. Dependence of F/C ratio of graphite fluoride on reaction tem
perature. 
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Figure 3. X-ray diffraction powder patterns of graphite fluoride prepared 
at various reaction temperatures. 

to white or transparent at temperatures above 600 0C. It should 
be noted that the F/C ratio of the product prepared at 375 0C 
increased no longer even after the additional fluorination at 
600 0C for 120 h (pF2 = 200 mmHg).57 However, its color 
varied from black to white. The product (CFn.79) obtained by 
the fluorination at 500 0C also gave the same results. This 
means that the sample is completely fluorinated and, even if 
the F/C ratio of graphite fluoride is less than one, the product 
was not more fluorinated at a high temperature of 600 0C 
under fluorine atmosphere. 

When the products prepared below 450 0C were placed in 
a vessel made of glass, the glass was tarnished some days after, 
the degree of which became larger with the decrease in the 
reaction temperature. This is due to the gradual release of the 
fluorine absorbed into the interlayer of graphite fluoride. In 
the case of these samples treated at 600 0C in a fluorine at
mosphere, however, the glass was not tarnished. 

Figure 3 shows the X-ray diffraction powder patterns of the 
products prepared at the same reaction conditions as in Figure 
2. The position of the peak due to the (001) diffraction is 
shifted to higher angles and the half-width also changes ac
cording to the elevation of reaction temperature. On the other 
hand, the position of the peak due to the (100) diffraction is 
slightly shifted to lower angles. Although further fluorination 
of the product prepared at 375 0C was attempted, there was 
little variation in the diffraction pattern as well as the com
position. 

Figure 4 shows the variation of the interlayer spacing, rf(ooi), 
and the half-width, /J(ooi). of the (001) diffraction line of 
graphite fluoride with the reaction temperature.58 The rf(ooi) 
value of the product obtained by the reaction at 640 0C is 5.85 
A, while that of the product obtained at 375 0C is 9.0 A. The 

AOO 500 600 
Temperature (°C) 

Figure 4. Variation of d(ooi > and /3(ooi) of graphite fluoride with reaction 
temperature. 
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Figure 5. (001) profile corrected with Lorentz-polarization factor of 
graphite fluoride prepared at 425 0C. 

interlayer spacings of the products obtained by the reaction 
at intermediate temperatures are between 5.85 and 9.0 A. The 
/3(ooi) value increases with the elevation of reaction tempera
ture, shows a maximum at about 490 0C, and then decreases 
with further elevation of temperature. This suggests that the 
(001) diffraction patterns of the products fluorinated near 490 
0C can be regarded as consisting of two components. For ex
ample, Figure 5 shows the (001) profile corrected with a Lo
rentz-polarization factor of the product prepared by the re
action of flaky graphite with fluorine at 425 0C for 163 h.59 

This diffraction pattern consists of a symmetrical diffraction 
line having a peak at 10.4° and that having a peak at 13.7°. 

Based on the experimental evidence explained above, it is 
thought that graphite fluoride with an F/C ratio below one 
obtained by the reaction at temperatures of up to 600 0C 
consists of two different compounds each having interlayer 
spacings of about 6 and 9 A. The former is polycarbon mo-
nofluoride, (CF)n, which has been already reported as graphite 
fluoride. On the other hand, although the composition of the 
product prepared at 375 0C is CF0.58, the composition of the 
compound having the interlayer spacing of about 9 A would 
be C2F. Minor differences in the composition between CF0.58 
and C2F may be due to the facts that the sample contains 
>CF2 and -CF3 groups around the edges of the layers, that the 
fluorine absorbed into the interlayer, and that there exists a 
small amount of (CF)n in the sample. That is to say, the latter 
is polydicarbon monofluoride represented by the chemical 
formula (CzF)n. Thus the composition of nonstoichiometric 
graphite fluoride prepared at temperatures lower than 600 0C 
is not homogeneous compound but a mixture of (CF)n and 
(C2F)n. The fraction of two types of compounds is strongly 
dependent on the reaction temperature, and the fraction of 
(C2F)„ decreases according to the elevation of temperature; 
hence the compound with various apparent composition be
tween CF0.58 and CFi.03 is obtained. Moreover, in order to 
obtain (CF)n alone, it is necessary to react at higher temper
ature, that is, 600-640 0C. On the other hand, it is possible to 
conclude that the products below 400 0C are mostly (C2F)n. 
Based on this proposition, we can clearly explain large varia
tions in the composition and interlayer spacing of graphite 
fluoride reported to date. 
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Figure 6. Dependence of F/C ratio of graphite fluoride on fluorine pres-
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Figure 7. Dependence of F/C ratio of graphite fluoride on particle size of 
graphite. 

Graphite fluoride is classified by the composition as follows: 
polycarbon monofluoride, (CF)n; polydicarbon monofluoride, 
(C2F)„; polytetracarbon monofluoride, (C4F),,.3'28 However, 
as C4F is formed by the reaction of graphite with a fluorine-
hydrogen fluoride mixture and hydrogen fluoride cannot be 
completely removed from the product, it can also be expressed 
as C ( H F ) x F ^ n > 4, 1 > x > ^ ) . 2 1 

Effect of Fluorine Pressure on the Composition of Graphite 
Fluoride. Figure 6 shows the dependence of the composition 
of graphite fluoride on fluorine pressure. At each temperature, 
the F/C ratio of graphite fluoride decreases with increasing 
fluorine pressure. These tendencies are remarkable in the 
product prepared at 500 0C. Generally, it can be said that the 
higher fluorine pressure is associated with the larger (C2F),, 
content in the product. 

Effect of Particle Size of Graphite on the Composition of 
Graphite Fluoride. Figure 7 shows the dependence of the 
composition of graphite fluoride on the particle size of graphite. 
At temperatures below 500 0C, the F/C ratio of graphite 
fluoride increases with increasing the particle size. Accord
ingly, the smaller the particle size, the more the (C2F)„ content 
of the product is. However, when the particle size decreases, 
the reaction rate of graphite fluoride becomes larger so that 
the elevation of reaction temperature and resulting decom
position of the products tend to occur at high temperature. 
Conversely, the fraction of (CF)n increases with decreasing 
the particle size at 550 0C. 

Effect of Graphitization Degree of Carbon on the Compo
sition of Graphite Fluoride. Watanabe et al.14 have previously 
reported the variation of the fluorine content and interlayer 
spacing of graphite fluoride with the heat-treatment temper
ature of petroleum coke as shown in Figure 8. That is to say, 
the fluorine content of graphite fluoride decreases according 
to the elevation of heat-treatment temperature, and the in
terlayer spacing reaches a minimum at a temperature of 2000 
0C. This can be understood by the view that, as in the case of 
graphite, the advancement of crystallization of petroleum coke 

onginai 1 5 0 0 2000 2500 3000 
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Figure 8. Variation of fluorine content and interlayer spacing of graphite 
fluoride with heat-treatment temperature of petroleum coke. 
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Figu e 9. X-ray diffraction patterns of (CF)„ and (CaF)n. 

Ie ids to preferential formation of (C2FV The large interlayer 
.,pacing of graphite fluoride prepared from the low crystalline 
petroleum coke results from the crystallinity of the original 
material. 

II. Crystal Structure and Properties of Graphite Fluoride. 
In addition to polycarbon monofluoride, (CF)n, denoted as 
graphite fluoride so far, the formation of a novel chemical 
compound, polydicarbon monofluoride, represented by (C2F),,, 
was confirmed in the reaction of fluorine with graphite under 
mild reaction conditions. The crystal structure and properties 
of (CF)n have already been reported by many investiga
tors. 15-17,29,32,33,37,38 j n t n e p r e s e n t section, the crystal struc
ture and physicochemical properties of (C2F),, are studied by 
means of X-ray and electron diffractometries, ESCA, IR, and 
many other experimental methods. The results are discussed 
in comparison with those of (CF)n. The starting materials and 
the fluorination conditions of the graphite fluoride measured 
are given in Table II. 

X-ray Diffraction Pattern. Figure 9 shows the X-ray dif
fraction patterns of (CF)n and (C2F)n. In a flaky sample, 
(MO) reflections are missing because of the orientation of the 
sample. From the diffraction lines of (CF)n in the figure, the 
interplanar spacings were calculated to be 5.85, 2.90, 2.22, and 
1.29 A from the pattern A, and 5.92, 2.93, 1.98, and 1.46 A 
from the pattern B. The lattice constants, a = b = 2.57 A, in 
a layered structure of (CF)n were obtained by the above 
data. 

If a three-dimensional model was assumed for the structure 
(CF)n, the three types of stacking designated as (AA...), 
(ABAB...), and (ABCABC...) could be considered as shown 
in Figure 10. As the surface energy of (CF)n is 38-47 ergs/ 
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Table II. Starting Materials and Reaction Conditions of Graphite Fluoride 

sample 

reaction condition 

starting material temp, 0 C 

640 
635 
370 

375 
620 
375 

400 
375 

375 

620 

354 

488 

600 

fluorine pressure, 

(Ar 

(Ar 

mmHg 

200 
200 
760 

760 
200 
200 

200 
200 

760 

50 mL/min 
10 mL/min) 

760 

50 mL/min 
10 mL/min) 

200 

time, h 

36 
45 
132 

180 
48 
120 

4 
120 

179 

24 

144 

18 

120 

A graphite (200-250 mesh) 
B graphite (20-50 mesh) 
C graphite (200-250 mesh) 
D sample (C) treated at 600 0C for 120 h in F2 (200 mmHg) 
E graphite (20-50 mesh) 
F graphite (20-50 mesh) 
G graphite (20-50 mesh) 
H sample (G) treated at 600 0C for 120 h in F2 (200 mmHg) 
1 petroleum coke 
J graphite (200-250 mesh) 
K sample (J) treated at 600 0C for 120 h in F2 (200 mmHg) 
L" graphite (250-300 mesh) 
Ma sample (L) treated at 600 0C for 24 h in F2 (200 mmHg) 
N o graphite (250-300 mesh) 

Oa graphite (250-300 mesh) 
P sample (0) treated at 600 0C for 10 h in F2 (200 mmHg) 
Q" graphite (250-300 mesh) 

R graphite (200-250 mesh) 

" Sample prepared by a rotary reactor. 

(H) 

ABAB... 

Figure 10. Stacking structure of (CF)n:^, C-F bond up; A- C-F bond 
down; —, sequence A; - - - -, sequence B; ••••, sequence C. 

cm2 60 and is less than one-third of that of graphite, the in-
terlayer binding energy of (CF)n may be very small. In addi
tion, the difference in potential energy among the three types 
of stacking may be extremely small, and the layers are rear
ranged to each other so that (CF)n may have a turbostratic 
structure.61 Actually, the diffraction patterns consist of (00/) 
and (hkO) reflections and an (hkO) diffraction line; for ex
ample, the (100) line rises very rapidly near the position of the 
maximum and then falls off slowly toward a larger angle.62 

Therefore, the Miller index of the crystal face cannot be ac
curately determined, and the (00/) diffraction, which shows 
the interlayer spacing of (CF)n , is assumed to be the (001) 
diffraction, and the other diffraction lines are indexed as shown 
in Figure 9 in a similar manner as described previously.16,33 

From the diffraction lines of (C2F)n , C and E in Figure 9, 
interplanar spacings of 9.02, 4.46, 2.16, and 1.27 A and 9.05, 
4.41, 2.87, and 1.98 A were calculated, respectively. Indices 
for (00/) reflections of (C2F)n were determined in a similar 
manner as those of (CF)n. The (001) diffraction line in sample 
E has a peak at 9.76°, but the peak is shifted to at about 10° 
by a Lorentz-polarization factor. This interlayer spacing is 8.8 
A. The diffraction lines having a peak at 41.85 and 74.8° are 
due to the reflections of type (MO) because they are missing 
in the diffraction pattern of the flaky sample. 

When a low-crystallinity (C2F)n prepared at 370 0 C is 
heat-treated at 600 0 C for 120 h in a fluorine atmosphere, it 
changes to high crystallinity so that the (001) diffraction line 
slightly shifts to higher angle. 

Electron Diffraction Pattern. The symmetry of the lattice 
in a layered structure was evaluated by means of electron 

(C2F)n (CF)n 

Figure 11. Reciprocal lattices for the basal plane of (C2F)n and (CF)n. 

diffractometry. The sample was arranged in such a way that 
an electron beam incidence is perpendicular to the basal plane 
of the graphite fluoride crystal. Figure 11 shows the electron 
diffraction patterns of (CF)n and (C2F)n . The arrangement 
of two-dimensional lattice points of (CF)n shows a sixfold 
rotating symmetry, and the two-dimensional structure belongs 
to a hexagonal system.16 That of (C2F)n does not show a 
complete sixfold rotating symmetry but a twofold rotating 
symmetry as shown in the figure. The ratio of length of the 
fundamental unit vector B to that of A is 1.02, and the angle 
between A and B is 59.4°. Consequently, the two-dimensional 
structure of (C2F)n is regarded as a monoclinic system. 

ESCA Measurement. ESCA spectra were obtained by a 
DuPont ESCA 650B electron spectrometer (Shimadzu Seis-
akusho Ltd.) with an Mg Kai,2 X-ray source (1253.6 eV). 
Binding energies were all measured relative to the Ci8 peak 
(285.0 eV) due to hydrocarbon contamination which built up 
slowly on the surface under these operating conditions. 

Figure 12 shows typical spectra of electrons from the Is 
orbital of carbon atoms in graphite fluoride. In addition to the 
main peak at 290.4 eV (Ai), the spectra of samples F and I 
corresponding to (CF)n show a broad shoulder centered at 
292.4 eV (A2) and a low-intensity tail centered at about 294 
eV (A3), and these peaks are assigned to >CF, >CF 2 , and 
-CF3 carbons, respectively.15'39,64 However, the spectra of 
samples G and H corresponding to (C2F)n indicate another 
distinguished shoulder at 288.5 eV (A4) in addition to the three 
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Figure 12. Cj5 spectra of graphite fluoride. 

Table III. Binding Energies for Cu and Fi8 Levels of Graphite 
Fluoride 

sample 

F 
I 

G 
H 

A, 

290.4 
290.4 
290.2 
290.4 

Cis peak, eV 
A2 

292.4 
292.4 
292.4 
292.5 

A3 

294.1 
294.4 
293.9 
294.1 

A4 

288.4 
288.5 

F]5 peak, eV 
A5 

689.6 
689.6 
689.3 
689.3 

peaks described above. The binding energies for the Ci8 level 
are summarized in Table III together with those of the F l s 
level. The binding energies approximately agree with one an
other. 

The spectrum of sample F* obtained by grinding sample F 
with agate mortar is similar to that of the original sample. For 
the samples G and H, however, the peak (A4) of the spectra 
of ground samples becomes larger in comparison with the 
original sample. 

The probability of primary photoelectron escaping from a 
depth, x, below the surface of a solid A in an ESCA mea
surement is proportional to exp(-x/\A), where XA is the in
elastic mean free path for the electron in the solid. Since the 
X-ray penetration depth is large compared with X, the total 
ESCA peak intensity /A is proportional to j*o exp(—%/XA) dx 
and is also proportional to the cross section, <rA, for photoion-
ization in a given shell of a given atom and the number of atoms 
of A per unit volume, NA. Hence 

/A = kaANAXA (1) 

where k is a constant for given experimental conditions (X-ray 
flux, sample geometry, etc.).66 Thus, observation of signal 
intensities in ESCA spectra can provide semiquantitative 
analysis of elements on the surface. 

The area ratios of the various core photoelectron peaks to 
the peak Ai are tabulated in Table IV. The composition of 
sample I prepared from petroleum coke with small crystallite 
is CFi.13, which possesses a number of >CF2 groups. In the 
spectra of (CF)n, the intensity ratio of total C)5 peaks to Fu 
peak is about 0.23, which nearly agrees with the value (0.27) 
reported by Jdrgensen and Berthou.67 On the other hand, in 
the spectra of (C2F)n, if it is assumed that the peak A4 arises 
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Wave number (cm"') 

Figure 13. IR spectra of graphite fluoride. 

from carbon atoms bonded with fluorine, the intensity ratios 
shown in the seventh column of Table IV become large values 
in comparison with those of (CF)n, and, if the peak A4 is as
sumed to be due to nonbonded carbon atoms with fluorine, the 
intensity ratio of each sample agrees with that of (CF)„ as 
shown in the eighth column of the same table. Consequently, 
(C2F),, is expected for the carbons which are not combined 
with fluorine in addition to >CF2 and -CF3 groups at the edges 
of the graphite fluoride layers and tertiary >CF as is the case 
with (CF)n. The intensity ratio of the peak A4 to A] may be 
regarded as approaching unity by the grinding of the sample. 
The chemical shift seems to be due to neighboring carbons 
bonded with fluorine. 

IR Measurement. Infrared spectra (4000-650 cm-1) were 
taken on a Shimadzu IR-27G spectrometer using KBr disk 
samples, and far-infrared spectra (650-250 cm-1) were taken 
on a Hitachi FIS-3 spectrometer using Nujol mull samples. 

Figure 13 shows infrared and far-infrared spectra of 
graphite fluoride. The strongest bands at 1219 cm -1 of (CF)n 
(sample F) and at 1221 cm - ' of (C2F)n (samples J and K) are 
assigned to the C-F stretching vibration of tertiary carbon 
atoms.4'9-32 Furthermore, in the spectra of (CF)n, two medium 
bands at 1350 and 1075 cm -1 were observed, and also a very 
weak band at 940 cm -1 was noted. On the other hand, in the 
spectra of (C2F)n, the bands at 1354 and 940 cm -1 become 
strong and the band at 1075 cm -1 is hardly observed. The 
bands at 1354 and 1075 cm-1 have been regarded as being due 
to asymmetric and symmetric stretching vibrations, respec
tively, of the peripheral >CF2 groups,32 but these bands were 
not observed in the spectra of sample I, which contains a 
number of >CF2 groups. 

In the far-infrared region where skeletal vibrations are ob
served, the strong bands at 332 cm -1 in the spectra of (CF)n 
and 340 cm -1 in those of (C2F)n were observed. In the spectra 
of (C2F)n, many very weak bands were also noted. 

NMR Measurement. The 19F resonances were observed in 
a field of 6230-6260 G at 25 MHz. Figure 14 shows the ab
sorption derivatives for the 19F resonance in graphite fluoride. 
The values of the second moment may be computed directly 
from the measured derivative of the absorption line, and 
comparison with theoretical values obtained from the Van 
Vleck formula68 can provide an examination of the validity of 
any assumed structure. The second moment for powder sam
ples can be calculated from the relation 

< A / / 2
2 ) = | 7

2 ^ 2 / ( / + l ) i s ^ - 6 (2) 
5 IS i>j 

where ry is the internuclear distance between dipoles ;' andy 
of gyromagnetic ratio 7 and spin /, and N is the number of the 
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Table IV. Area Ratios for Cu and Fis of Graphite Fluoride 
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sample 

F 
F" 
1 
G 
G" 
H 
H" 

A1 

100 
100 
100 
100 
100 
100 
100 

C,s 
A2 

2.5 
2.3 

24.2 
3.1 
3.1 
1.7 
2.1 

peak 
A3 

1.7 
1.1 
4.9 
3.6 
3.1 
1.4 
1.0 

A4 

0 
0 
0 

26.0 
86.6 
24.5 
48.0 

Fis peak 
A5 

477.1 
461.4 
742.7 
525.3 
496.2 
463.8 
447.4 

A, + 2A2 + 3A3 

A5 

0.231 
0.234 
0.220 
0.272 
0.407 
0.285 
0.347 

+ A4 A, + 2A2 + 3A3 

A5 

0.231 
0.234 
0.220 
0.223 
0.233 
0.232 
0.240 

1 Sample ground with an agate mortar. 

Table V. Composition, Surface Area, and Heat of Immersion of 
Graphite Fluoride 

Figure 14. 
ride. 

AH (Gauss) 
Absorption derivatives for 19F resonance in graphite fluo-

400 700 500 600 
TernperatureCC) 

Figure 15. DTA curves of graphite fluoride under an argon atmosphere 
(heating rate 10 cC/min). 

nuclei at resonance which are present in the elementary di-
pole-interaction cell. 

Ebert et al.37 have proposed the structure of (CF)n that 
consists of arrays of cis-trans-linked cyclohexane rings in the 
boat conformation based on the assumption of a Gaussian line 
shape model for the absorption line of (CF].o6)« a n d (CFi.is)«-
However, the absorption line obtained from sample N was not 
a Gaussian, and the second moment obtained from the ab
sorption line is 10.6 G2.69 The theoretical second moments for 
boat and chair models on the basis of the data of X-ray dif-
fractometry are 21.7 and 9.7 G2,37 respectively, and the ex
perimental second moment is consistent with the chair model 
for (CF)n . Furthermore, the existence of a sixfold rotating axis 
in the electron diffraction pattern of (CF)n is in favor of the 
chair structure because the boat structure of (CF)n belongs 
to an orthorhombic system. 

sample 

original 
graphite 

O 
P 
Q 
N 

PTFE 

composition 

CFo.57 
CFo.58 
CFo.86 
CFi.oo 

surface area, 
m2 /g 

6.0 

28.2 
117.0 
116.7 
126.7 

heat of 
immersion, 
ergs/cm2 

138° 

55 
53 
45 
39 
56* 

"Seeref70. *Seeref71. 

The absorption lines of (C2F)„ consist of the broad- and 
narrow-line components. The narrow-line component does not 
disappear even in the sample M heat-treated at 600 °C. The 
second moments obtained from the absorption lines of samples 
L and M were 10.2 and 9.7 G2, respectively. 

DTA. Figure 15 shows the DTA curves for graphite fluoride. 
The thermal decomposition of (C2F)n prepared at 375 0 C 
occurs at about 490 0 C. However, when such low-crystalline 
(C2F)n is heat-treated at 600 0 C for 120 h, it leads to the high 
crystallinity so that the thermal decomposition did not occur 
up to 570 °C. The thermal stability of (C2F)n is somewhat 
inferior to that of (CF)n . 

Heat of Immersion. Samples were degassed at 150 0 C for 
at least 1.5 h under a reduced pressure of about 10~3 mmHg 
and sealed in an ampule. The heat of immersion was measured 
by using a LKB microcalorimeter 2107 which was placed in 
a constant-temperature vessel maintained at 25 0 C. Reagent 
grade n-butyl alcohol was used as a wetting liquid. 

Table V shows the composition, surface area, and heat of 
immersion of graphite fluoride. The heat of immersion of 
graphite fluoride increases with decreasing the fluorine con
tent, and that of (CF0.57)n is equal to that of PTFE. The heat 
of immersion was somewhat affected by the heat-treatment 
of the sample. 

The surface area of graphite fluoride is strongly dependent 
on the reaction and treatment temperatures, and increases with 
increasing the temperatures because of the pyrolysis and the 
exfoliation of the sample. 

Crystal Structure of (C2F),,. From the above results, the 
layered structure of (C2F)n may be considered as shown in 
Figure 16. The lattice parameters were calculated on the basis 
of the results of X-ray and electron diffractometries. A rhomb 
shown by a dashed line is a unit cell, a = 5.01 A, b = 4.92 A; 
the angle between a and b, 7 = 120.60.72 As the lengths of 
C—C and C = C bonds are assumed to be 1.54 and 1.33 A, 
respectively, the C—C—C bond angles (sp3 carbons) and 
C — C = C bond angle (sp2 carbons) are calculated to be 108.6, 
109.9, and 120.8°, respectively. The unit cell consists of eight 
carbon atoms (0 0 0, 0.003 0.501 -0 .387/c , 0.157 0.314 0, 
0.157 0.813 0.387/c, 0.500 0 0, 0.503 0.501 0.387/c, 0.657 
0.314 0,0.657 0.813 -0.387/c) and four fluorine atoms (0.028 



Kita, Watanabe, Fujii / Graphite Fluoride 

— 5.01 A 

3839 

(a) (C2F)n 

(b ) (CF)n 

Figure 16. Layered structure of (a) (C2F),, and (b) (CF)n: • , carbon; O, 
fluorine. 

0.556 -1.78/c, 0.129 0.759 1.78/c, 0.528 0.556 1.78/c, 0.629 
0.759 —1.78/c)73 where c is the lattice constant of the c 
axis. 

According to these values, each interplanar spacing of 
(CjF)n is given by the equation 

1 1 Ih2 

d2 
(hki) sin2 7 \a -2 b2 

2hk cos 7 /2 sin2 7^ 
ab 

(3) 

where d(hki) is the interplanar spacing of (hkl) plane. The 
index / should be zero when a two-dimensional plane is con
sidered. The diffraction lines having a peak at 40.85 and 74.7° 
in Figure 9 are assigned to (200) and (220), respectively. 

The three-dimensional structure of (CjF)n may be com
posed of random stacking because (hkl) reflections are missing 
in the diffraction pattern. The interlayer spacing of (CjF)n is 
very larger than that of (CF)n. This reason is not obvious but 
the fluorine absorbed into the interlayer of (CjF)n might be 
responsible for the large interlayer spacing. Even in (C4F),,, 
the hydrogen fluoride absorbed into the interlayer of the 
sample could not be completely removed in a warm vacuum 
environment. 

In conclusion, the structure of (CjF)n is considered to consist 
of layers (Figure 16) stacked parallel at the same distance of 
about 8.8 A, but with each layer having a completely random 
orientation. 

III. Formation Process Of(CjF)n and (CF)n. It was revealed 
that a mixture of (CjF)n and (CF)n was produced by the flu
orination of graphite at temperatures below 600 0C. There is 
no definite boundary between the formation temperatures of 
both compounds. 

In this section, by using flaky graphite as the starting ma
terial, a study is made on the formation process of (CjF)n and 

(C2F)n K F ) n 

6 min (4.9wtV.) 

15min (14.5wt 7.) 

45min (27.5wt7.) 

1.5hr (43.6wt7.) 

5hr (80.OwH.) 

45hr (129.1 wt%) 

10 15 

26 C) 
Figure 17. Variation of (001) diffraction partem of graphite fluoride 
prepared with reaction time at 485 0C. 

290.4 

6min 

15min 

45 min 

45hr 
295 290 285 

Binding energy (eV) 

Figure 18. Variation of Cj5 spectra with reaction time: dashed line, ground 
sample. 

(CF)n under fixed reaction conditions by means of thermo-
gravimetry, X-ray diffractometry, and ESCA. 

Figure 17 shows the variation of the (001) diffraction pat
tern of graphite fluoride with the reaction time of the fluo
rination of graphite at 485 0C. The weight increase74 due to 
the fluorination is shown with the number in parentheses. In 
the initial stage of reaction, the diffraction line due to (C2F)n 
(20 = 10.3°) appears, but that due to (CF)n (20 = 13.6°) 
strongly emerges with the progress in fluorination. The ratio 
of the intensity at 13.6° to that at 10.3° tends to increase when 
the weight increase exceeds about 20 wt %. This indicates that 
the fluorination first leads to the formation of (C2F)n, but 
further fluorination leads subsequently to the formation of 
(CF)n. The product completely fluorinated at 485 0C is CFrj.si, 
that is, a mixture of (CjF)n and (CF)n with a ratio 38:62. 
Supposing that (C2F)n is first formed, the weight increase at 
the transition from the formation of (CjF)n to that of (CF)n 
is in fair agreement with that obtained from Figure 17. 

A further analysis of the formation process of graphite 
fluoride was carried out by ESCA. Figure 18 shows the C)8 
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Figure 19. Schematic illustration of composition of nonstoichiometric 
graphite fluoride. 

spectra of products prepared at 485 0C for various reaction 
times. The dashed curves represent Q 8 spectra of the samples 
ground in an agate mortar. As far as the intensity ratio of the 
peak at binding energy 288.5 eV arising from (CiF)n to the 
peak at 290.4 eV assigned to the tertiary >CF carbons of 
(CiF)n and (CF)n in products prepared for 15 and 45 min,75 

the ratio is small compared with that of each ground sample. 
This indicates that the extremely thin film of graphite surface 
is fluorinated to (CF)n. The thickness of this film is presumed 
to be less than 100-1000 A from the measurements by X-ray 
diffractometry and ESCA. Based on these results, it is possible 
to interpret that graphite fluoride prepared from petroleum 
coke14 and carbon black24 with the small crystallite consists 
of almost (CF)n even at low reaction temperatures of 300-400 
0C. 

Consequently, the fluorination of graphite first leads to the 
formation of (CF)n in the thin film of surface which is easily 
fluorinated, followed by the formation of (C2F)n, and further 
fluorination again leads to the formation of (CF)n. Since the 
fluorination of graphite occurs along a direction parallel to the 
basal plane of graphite crystal, the composition of graphite 
fluoride prepared by the fluorination of disk-like graphite 
particles in the temperature range of 400-600 0C is sche
matically shown in Figure 19. There are >CF2 and -CF3 
groups around the edges of the layers, and the (CiF)n content 
depends on the carbon materials and the reaction conditions. 
However, it is inadequate to assume that the sample is the 
disk-type particle because of the crystal defects of the original 
graphite and the cracks of the sample resulting from the flu
orination,15 and in practice, it should be considered as an as
sembly of these crystallites. 

Let us discuss the mechanism of the formation process of 
(CiF)n and (CF)n. Figure 20 shows the layered structure of 
graphite. Suppose that the fluorination proceeds from the di
rection as shown in the figure. If fluorine first combines with 
carbon at the site A, then the subsequent sites of carbon to be 
combined with fluorine are as follows:76 (1) a first-neighbor 
carbon (interatomic distance of C-C, 1.42 A); (2) a second-
neighbor carbon (interatomic distance of C-C, 2.46 A); (3) 
a third-neighbor carbon (interatomic distance of C-C, 2.84 
A); (4) a fourth-neighbor carbon (interatomic distance of C-C, 
3.76 A). The position of each kind of neighboring carbons is 
connected by the chain circles 1-4 which have a common 
center at A. The cases of (1), (2), or (3) correspond to the 
formation of (CF)n composed of cyclohexane rings in a boat 
conformation,65 of (CF)n composed of cyclohexane rings in 
a chair conformation, or of (CiF)n, respectively. If fluorine 
combines with the sixth-neighbor carbons (interatomic dis
tance of C-C, 4.92 A), (C4F)n is formed. 

At first (CF)n is formed on an easily fluorinated surface, and 
then fluorine combines with the third-neighbor carbon so that 
(CiF)n is formed. When combined covalently with fluorine, 

Figure 20. Schematic illustration of fluorination process of graphite. 

carbon atoms lead to sp3 hybridization. Accordingly, an in
ternal stress is built up in both fluorinated and unreacted 
graphites because of the expansion of the carbon hexagon 
network. Especially, the lattices in the vicinity of the reaction 
interface are subject locally to a large stress, and C-F bonds 
are also not completely covalent bonds. These strains and the 
rate of transition of weak carbon-fluorine bond to covalent 
bond increase with the progress of the fluorination because of 
the presence of fluorinated graphite. Thus the variation of the 
lattice strain and the character of bonding between fluorine 
and carbon with the progress of the reaction bring about a 
change in the geometry of the potential energy surface. Con
sequently, fluorine combines with the second-neighbor carbon 
so that (CF)n is formed. 

Based on the above presumption, it is possible to interpret 
all the experimental results. As the crystallization rate of the 
fluorinated graphite increases with the elevation of reaction 
temperature, the strain of unreacted graphite will also increase. 
Therefore, fluorine is liable to combine with the second-
neighbor carbons and the (CF)n content increases. On the 
other hand, at a fixed temperature, as the reaction rate in
creases with increasing fluorine pressure, higher fluorine 
pressure leads to a slowdown of the crystallization of fluo
rinated graphite near the reaction interface. Therefore, the 
strain of unreacted graphite is small so that the (CF)n content 
decreases. As the crystallization rate of graphite fluoride is 
strongly dependent on the reaction temperature and the 
crystallite size of carbon materials, it is also understandable 
that the composition is strongly dependent on these factors. 

Conclusion 
The formation of a novel chemical compound, "polydicarbon 

monofluoride", represented by the formula (CiF)n, was con
firmed under relatively mild reaction conditions. The com
position of graphite fluoride with F/C ratio less than unity 
varies no longer even after the treatment at higher temperature 
in a fluorine atmosphere. However, its color varied from black 
to white. Accordingly, the color of graphite fluoride does not 
depend on the composition but on the reaction and treatment 
temperatures. 

The structure of (CF)n consists of layers (lattice constant 
a = b = 2.57 A) with trans-linked cyclohexane rings in the 
chair conformation stacked randomly at the same distance of 
about 5.9 A. 

The arrangement of two-dimensional lattice points of (CiF)n 
shows a twofold rotating symmetry, and the two-dimensional 
structure is regarded as a monoclinic system. The lattice con
stants are a = 5.01 A, b = 4.92 A, and y = 120.6°. The lengths 
of C - C , C=C, and C - F bonds are 1.54,1.33, and 1.41 A, 
respectively. The C—C—C bond angles (sp3 carbons) and 
C - C = C bond angle (sp2 carbons) are 108.6, 109.9, and 
120.8°, respectively. The unit cell consists of eight carbon 
atoms and four fluorine atoms. The stacking of the above layers 
is a turbostratic structure which consists of layers stacked 
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randomly at the same distance of about 8.8 A. The thermal 
stability of (C2F)n is improved by the heat-treatment under 
fluorine atmosphere, and is somewhat inferior to that of (CF)n. 
The heat of immersion of graphite fluoride increases with de
creasing the fluorine content, and that of (C2F)n is equal to 
that of PTFE, 

When graphite is fluorinated at temperatures below 600 0C, 
at first (CF)n is formed as an extremely thin film on graphite 
surface, and then fluorine combines with the third-neighbor 
carbons so that (C2F)n is formed. As the fluorination further 
proceeds, fluorine combines with the second-neighbor carbons 
so that (CF)n is again formed. This is due to the variation of 
the lattice strain of the unreacted carbon hexagon network and 
the character of bonding between fluorine and carbon in the 
vicinity of the reaction interface with the progress of fluo
rination. 
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