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Abstract

The short-range structures of the so-called graphite fluorides, poly(dicarbon
monofluoride) ((C2F),) and poly(carbon monofluoride) ((CF),), have been discussed,
based on the neutron diffraction data. The C—C and C-F bond lengths in these
compounds are determined to be 0.157-0.158 and 0.136 nm, respectively, which
slightly differ from those previously evaluated and coincide with those found in
polytetrafluoroethylene (PTFE). The structure models of (C2F), (both AB-type and
AA’-type) and (CF), have been refined so as to give the best fit of the atomic pair
distribution functions calculated for them (Geaic(7)’s) to those experimentally observed
for the compounds (Gobs(7)’s). Since the Gobs(r) of (C2F), better fits to the Geac(7)’s of
AB-type model rather than those for AA’-type model, the latter model is ruled out. The
a-lattice parameter and the C—C—C bond angle in the refined structure model of (CF),

(0.260-0.261 nm and 111°, respectively) are slightly larger than those of (C:F),
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(0.256—-0.257 nm and 109-110°, respectively).

Keywords: A. Graphite, intercalation compounds; B. Intercalation; C. Neutron scattering; D. Crystal

structure

1. Introduction

Direct fluorination of crystalline graphite by elemental fluorine at elevated
temperatures above 623 K yields layered carbon fluorides with covalent C—F bonds
such as poly(dicarbon monofluoride) ((C2F),) and/or poly(carbon monofluoride) ((CF),)
[1,2]. The proposed structure models of these compounds are illustrated in Fig. 1. They
have been considered to possess buckled sheets of sp>-hybridized carbon atoms with the
C—C—C bond angles ( £ C—C—C) of close to 109°28’ for a regular tetrahedral site [3—6].
It has been expected that every pair of the adjacent carbon sheets in (C2F), are bound to
each other by covalent C—C bonds to form a double-decked monolayer. The AB-type
and AA’-type structure models have been proposed for this compound (Fig. 1 (a) and
(b)) [6]. However, these two types of the (C:F), structures have never been
distinguished from each other by the spectroscopic and diffraction analyses previously
performed for this compound.

Since (C2F), and (CF), prepared in most cases actually possess random
stacking of the fluorinated carbon layers, their XRD patterns lack the (4k/) (I # 0) peaks,
and the broad, asymmetric (4k) peaks are observed instead [7,8]. Therefore the precise
determination of the structure parameters of these compounds such as the bond lengths

using the conventional Bragg diffraction patterns is quite difficult. The a-lattice
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parameters of (C>F), and (CF), based on the hexagonal unit cells, which correspond to
the distance between the nearest pair of fluorine atoms attached on the same side of a
carbon sheet, have been estimated at 0.251 and 0.253-0.257 nm, respectively [5-7].
These values indicate that fluorine atoms in (C>F), and (CF), are closely packed and not
allowed to take a typical van der Waals distance (0.270 nm) from each other on the
carbon sheets. However, the C—F and C—C bond lengths (rc-r and rc_c) in the fluorides
have been generally expected to be 0.141 and 0.153—-0.154 nm, respectively, based on
the typical covalent radii of carbon and fluorine atoms (0.077 and 0.064 nm,
respectively) [5,6]. On the other hand, a computation study on (CF), based on density
functional theory has yielded in a shorter rcr and a longer rc—c (0.137 and 0.155 nm,
respectively) [9]. These bond lengths have never been further discussed up to now,
while those in polytetrafluoroethylene (PTFE) consisting of sp’-hybridized carbon
chains and covalent C—F bonds have been determined to be 0.136 and 0.158 nm (for
rc—r and rc_c, respectively) based on neutron diffraction experiments [10]. In the present
study, the short-range structures of (C:F), and (CF), were discussed, based on their
radial distribution functions (RDF(r)’s) and atomic pair distribution functions (G(r)’s)

derived from neutron diffraction data.

2. Experimental

2.1 Preparation of (C2F), and (CF),

Graphite powder (Union Carbide, SP-1 grade, purity 99.4 %, average particle



diameter 1x 10? um) was fluorinated by elemental fluorine (0.10 MPa; Daikin Industries,
purity 99.7 %) in a nickel reactor tube at 673 or 873 K in order to obtain (C2F), (sample
F-1) or (CF), (sample F-2), respectively. The (CF), sample supplied by Daikin
Industries (average particle diameter 1 um; hereafter denoted by F-3), PTFE powder
(Aldrich, average grain size 1 um) and the original graphite powder were also analyzed

by neutron diffraction experiments without further treatment.

2.2 Analyses

Elemental analyses of carbon and fluorine were performed at the Center for
Organic Elemental Microanalysis of Kyoto University. XRD patterns of the powder
samples charged in glass sample holders (0.5 mm thick) were obtained by means of
MultiFlex (Rigaku) with CuKa radiation. The average crystallite size (L) was estimated

using Scherrer’s equation (1);

K2
Bcosl

(1)

where K, A, B, € denote the Scherrer constant, the wavelength of CuKa beam, the
corrected half width of a diffraction peak and the Bragg angle, respectively. A K value
of 0.9 was used for the (001) reflection while that of 1.84 was used for the (10)
reflection from the two-dimensional lattice [11].

Neutron diffraction measurements were carried out in the High Intensity Total



Scattering Spectrometer (HIT-II) installed at the pulsed neutron source in the High
Energy Accelerator Research Organization (KEK, Tsukuba, Japan). Each powder
sample was put in a vanadium tube cell with an inner diameter of 8.0 mm and a wall
thickness of 0.025 mm. Corrections of the background, absorption [12] and the multiple
scattering effects [13] were made on the experimentally observed scattering data. The
structure factor in the Faber-Ziman definition, S(Q) (Q = 4nsin@/'1) [14], is derived from

the corrected scattering intensity, /(Q).

1)~ {(b?) - (b)*}
()’

S(0) = , where <b2> =Seb? ., (b)=Seb )

The ¢; and b; represent the concentration and the neutron coherent scattering length of
the component atoms i (i = C or F), respectively. RDF(r) and G(r) are derived from the

Fourier transformation of S(Q).

RDF(r)= 4nr2p + z OQmaX O(S(Q)-1)sin(Qr)dQ 3)
7T
G(r)=%f§max O(S(0) ~sin(0r)dQ 4

where p represents the average number density of atoms. The S(Q) and the RDF(r) are
also written as the weighted sum of the partial structure factors, Si (Q), and that of the

partial radial distribution functions, RDF (r), respectively (i—j = C—C, C-F, F-F).



S =wi_; 25:-;(Q) )

RDF(r)=w;_;> RDF;_;(r) (6)

where the w;; represents the weighting factor defined by Eq. (7).

Wi = 70 7

The nearest neighbor coordination number of atoms j around an atom i (CNj) is derived

from the peak area (4;) corresponding to the correlation of the nearest i—j pair in the

RDF (r) according to Eq. (8).

CN,_, =11 (8)

Calculation of G(r)’s for the proposed structural models of (C:F), and (CF),
was performed by the PDFFIT software [15] installed on a PC. The degree of fit of G(r)

calculated (Gealc(r)) to that experimentally observed (Gobs(7)) was evaluated using the R

value given by Eq. (9).
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Structure models were refined so as to yield the best fit of Geaie(7) to Gobs(r) which gives

the smallest R values.

3. Results and discussion

3.1 C=F and C-C bond lengths in (CF), and (C>F),

Figure 2 shows the XRD patterns of the layered carbon fluorides F-1, F-2 and
F-3. The absence of the (hkl) (I # 0) diffraction peaks and the asymmetric profiles of the
(hk) peaks in these patterns are typical of the structures with random layer stacking. The
structure parameters such as interlayer distances (/c), the a-lattice parameters, the
average crystallite sizes along the c- and a-axes (L. and L,, respectively) estimated from
the XRD patterns are listed together with the F/C atomic ratios in Table 1. In this table,
“X(hk(l))” (X = I, a, Lc and L,) means the parameter X determined by the (hk([))
diffraction peak. The displacement of the (hk) diffraction peaks toward larger 26
associated with small coherent lengths [11] has been taken into account in determination
of a(hk). Precise determination of the a-lattice parameters based on the (4k) diffraction
peaks seems to be quite difficult. The values a(10) and a(11) estimated for F-1 disagree
with each other. The a(10) determined for F-2 slightly differ from that of F-3 although
both of these samples are (CF),. The (C2F), samples actually contain small (CF),-like
domains in addition to trace of peripheral >CF, groups on the surface, as is suggested
by the F/C ratios of larger than stoichiometric value of the compound, 0.50 [7].

However, such domains in the sample F-1 are too small and dispersed to be detected by



XRD. A smaller /. and larger crystallite sizes observed for the sample F-2 indicate a
higher crystallinity than that of F-3. The F/C ratios of larger than 1.0 determined for
these (CF), samples suggest the existence of considerable amount of the peripheral
>CF» groups in these fluorides, which have been characterized by '°F and '*C NMR
spectroscopy [16]. The weighting factors w;_; of F-1, F-2 and F-3 are derived from the
F/C ratios listed in Table 1 according to Eq. (7) (Table 2).

S(Q)’s of the layered carbon fluorides, graphite and PTFE derived from neutron
diffraction data are shown in Fig. 3. In the S(Q)’s of the layered carbon fluorides, small
angle scattering intensities are strong at lower Q than that of the (001) Bragg diffraction
peaks. The prominent peak found at around 13 nm™' (corresponding to the d value of
about 0.48 nm) in the S(Q) of PTFE is ascribed to the correlation between the (CF2),
chains [10]. The RDF(r)’s derived from these S(Q)’s by Eq. (3) are shown in Fig. 4. The
RDF(r)’s of the layered carbon fluorides with covalent C—F bonds and puckered sheets
of sp-hybridized carbon atoms are completely different from that of the original
graphite. The peaks found in the RDF(r) of F-3 are poorly resolved compared to that for
F-2, which is considered to be caused by the difference in the crystallinity between
these (CF), samples. The prominent peak found at » of around 0.24 nm in the RDF(r) of
PTFE is ascribed to the correlations of the second nearest atomic pairs such as F—-C—-F
and C—C-F. The RDF(r) profile of each fluoride at » from 0.1 to 0.2 nm is separated to
two Gaussian peaks corresponding to the pair correlations for C—F and C—C as shown in
Fig. 5. CNc—r and CNc_c derived from the peak areas according to Eq. (8) are listed in
Table 3, together with rc_r and rc_c determined by the peak positions. CNc_r obtained
for the four samples are close to their F/C atomic ratios. The sums CNcr + CNc_c

obtained for F-1, F-3 and PTFE agree with the ideal value of an sp’-hybridized carbon



atom, 4.00, while that of F-2 is a little larger due to the overestimated CNc-c. The rcr
and rcc in (CF), almost coincide with those in (C2F),, also agreeing with those found
for PTFE [10]. They are close to the estimated values based on the density functional
theory (rc—r = 0.137 nm, rcc = 0.155 nm) [9] rather than to those estimated from the
typical covalent radii of carbon and fluorine atoms (rc_r = 0.141 nm, rc_c = 0.153-0.154

nm) [5,6].

3.2 Refinement of the structure models of (C2F), and (CF),

The structure parameters such as the a-lattice parameters, atomic coordinates
and thermal factors in the proposed structure models of (C2F), and (CF), were refined
so as to give the best fit of Geac(7)’s to Gobs(7)’s of the samples F-1, F-2 and F-3. The

parameters /., rc—r and rc—c were fixed as they have been determined in Section 3./, and

the space symmetry of the monolayers (P§m1 for AB-type (C2F), and (CF),, P6m?2
for AA’-type (C2F), [6,8]. See Fig. 6) were maintained during the refinement. Two types
of the ordered stacking sequences were assumed here to simplify the calculation of
Gealc(7)’s, while the samples F-1, F-2 and F-3 actually possess randomly stacked layers.
The type-I and type-II stacking sequences make the nearest pair of fluorine atoms on the
adjacent layers take the maximum and minimum distances, respectively (Fig. 7).
Gealc(r)’s based on the four types of the structure models for (C2F), (a-1I, a-II,
b-I and b-II in Fig. 7) are shown in Fig. 8, compared to Gobs(7) of F-1. The R values of
the refinement at » from 0.1 to 0.8 nm are 17.4, 21.1, 34.8 and 25.4 % for Geaic(r)’s

based on the models of a-I, a-II, b-I and b-II, respectively. Since the contribution of the



interlayer correlations to G(r) at » below 0.5 nm is much less than that of the intralayer
correlations, the profiles of Geac(7)’s at such » range do not strongly depend on the type
of the stacking sequences of the monolayers. On the other hand, relative intensities of
the peaks found at 7 of 0.3-0.4 nm in Gcac(7)’s based on the AB-type models (a-I and
a-II) clearly differ from those for AA’-type models (b-I and b-II), which is caused by the
different forms of C¢ rings in the unit cells (“‘chair” and “boat” forms for the former and
the latter models, respectively. See Fig. 6). Geac(r)’s of AB-type models better fit to
Gobs(7) than those of AA’-type models, therefore it is concluded that the former type is
more reasonable for the monolayer structure of (C2F),.

The Geac(r)’s based on the structure models of (CF), with type-I and type-II
stacking sequences (c-I and c-II in Fig. 7, respectively) are fitted to the Gobs(7)’s of F-2
and F-3 in Fig. 9. The R values on the pairs of (Gobs(7), Gealc(7)) at 7 from 0.1 to 0.6 nm
are 25.8, 24.6, 32.2 and 34.8 % for (F-2, c-I), (F-2, c-II), (F-3, c-I) and (F-3, c-II),
respectively. The larger R values obtained for F-3 than those for F-2 seem to be mainly
caused by the larger discrepancy of Geale(7)’s from Gobs(7) at 7 of around 0.24 nm. Since
the structural defects in (CF), such as >CF> groups are not taken into account for the
calculation of Geaic(7)’s, the residual components given by Gobs(7) — Geale(7) at such r are
reasonably ascribed to the correlations of the second nearest atomic pairs such as F-C—F
and C-C-F involving >CF, groups. These results indicate that F-3 contains a larger
amount of >CF» groups than those in F-2, which is in accordance with the lower
crystallinity of the former described in Section 3./. At r out of around 0.24 nm, Gobs(7)
of F-3 as well as that of F-2 is well simulated by Gcaic(7)’s.

The structure parameters of the refined monolayeres of (C2F), and (CF), based

on Gobs(r)’s of F-1, F-2 and F-3 are listed in Table 4. For each sample, the assumed type
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of the stacking sequences does not strongly affect the refined parameters. The
parameters refined for F-2 and that for F-3 agree well with each other, almost
independent of the crystallinity of these (CF), samples with different /.. The £ F-C-C
and £ C—C—C in (CF), determined here agree with those calculated based on density
functional theory (108.2° and 110.7°, respectively) [9]. The £ C-C—-C as well as the
a-lattice parameters determined for (CF), are a little larger than those of (C2F),. Each
carbon atom on the two-dimensional network of C—C bonds in (CF), is slightly
displaced from the regular tetrahedral site with £ C-C—C of 109°28’, due to the
repulsive interaction between the nearest pair of fluorine atoms, but such distortion is

less likely to occur in the diamond-like rigid network of C—C bonds in (C2F),.

4. Conclusion

The rcc’s in (C2F), and (CF), were determined to be 0.157 and 0.158 nm,
respectively, from the RDF(r)’s obtained by neutron diffraction experiments, while the
rc—r’s of both the compounds were estimated at 0.136 nm. These bond lengths clearly
indicate that the C—C and C—F bond characters in (C2F), and (CF), are essentially the
same as those in PTFE. Geae(r)’s based on AB-type (C2F), model better fit to Gobs(r) of
the compound than those of AA’-type model, therefore the latter is ruled out. The
a-lattice parameter and £ C—C—C determined for (CF), (0.260-0.261 nm and 111°,
respectively) are a little larger than those for (CoF), (0.256—0.257 nm and 109-110°,
respectively). The carbon network of (CF), is more flexible than those in (C:F), and

slightly compressed so that the repulsion between the nearest pair of fluorine atoms
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attached on the sheet are decreased.
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Table 1

Structure parameters of the samples F-1, F-2 and F-3

Sample  Typeof [1.(001) a(10) a(11) L(001)  Lu(10) F/C ratio
fluoride (nm) (nm) (nm) (nm) (nm)

F-1 (CaF)n 0.872 0.252 0.256 24 46 0.696

F-2 (CF)u 0.623 0.258 0.258 6.1 58 1.190

F-3 (CF), 0.711 0.260 = 2.4 28 1.184

D The (11) diffraction peak is too faint to determine a(11).
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Table 2

Weighting factors (wi;) of the samples F-1, F-2 and F-3 for neutron diffraction

Sample wc_c WC-F WF-F

F-1 ((C2F)n) 0.395 0.467 0.138
F-2 ((CF)») 0.247 0.500 0.253
F-3 ((CF)y) 0.249 0.500 0.251
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Table 3

Nearest neighbor coordination numbers (CN;) and interatomic distances (ri;) of the

fluoride samples

Sample CNc-r FC-F CNcc rc-c CNcr + CNcc
(atoms) (nm) (atoms) (nm) (atoms)

F-1[(CoF).] 0.68 0.136 3.27 0.157 3.95

F-2 [(CF),] 1.05 0.136 3.22 0.158 4.27

F-3 [(CF).] 1.12 0.136 2.89 0.158 4.01

PTFE 1.98 0.135 1.97 0.157 3.95

(0.136 [10])

(0.158 [10])
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Table 4

The structure parameters for the refined models of the monolayers in (C2F), and (CF),

Sample (I /nm)  F-1(0.872) F-2 (0.623) F-3 (0.711)
Assumed stacking  a-I a-11 c-1 c-11 c-1 c-11
sequence

a/nm 0.257 0.256 0.260 0.261 0.260 0.260
Iz1(C)Y / nm 0.078 0.078 0.025 0.024 0.025 0.025
Iz(C2) Y/ nm 0.130 0.132 - - - -
Iz3(F) D/ nm 0.266 0.268 0.161 0.160 0.161 0.161
ZF-C-C/° 109 110 108 108 108 108
£C-C-C/° 1102, 1092, 111 111 111 111

109 110%

! Atomic coordinates of the atoms C, C and F are given by (=+—,—F—,—*z), (0,

1
2

N | —

1
6

|~
N |~

0, % +zy)and (- F * z3), respectively.

N | —

1.1
72 67

N~

1
2
) £C1—-Cr—Cyr, £Cr—C1-C’

3 /Cr-C1-Cy’
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b: AA-type (C2F),

T &r &
c: (CF),

Fig. 1. Proposed structural models of monolayers in (a) AB-type (C2F),, (b) AA’-type

(C2F), and (¢) (CF),.
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Fig. 2. XRD patterns of the samples F-1, F-2 and F-3.

19



50 |
Graphite
40 |
-‘ﬂ \ F-1: (C2F)n
30 F
| F-2: (CF)n
5 [ .
20 F
B R_AJ» F-3: (CF)n
10
I ‘ PTFE
ok
1 1 1 1 1 1
0 10 200 300
Q/nm™

Fig. 3. The structure factors, S(Q)’s, of graphite, the samples F-1, F-2, F-3 and PTFE

derived from the neutron diffraction data.
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Fig. 4. Radial distribution functions, RDF(r)’s, of graphite, the samples F-1, F-2, F-3

and PTFE.
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Fig. 5. Radial distribution functions, RDF(r)’s, of the samples F-1, F-2, F-3 and PTFE.
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b: (C2F)n
(AA-type)

Fig. 6. The unit cells of the monolayers of (a) AB-type (Cz2F),, (b) AA’-type (C2F), and

(c) (CF)n.
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a-1: (CaF)n b-I: (C2F)n c-l: (CF)n
AB-type AA'-type Stacking-I
Stacking-I Stacking-I

i

a-ll: (C2F)n b-II: (C2F)n c-ll: (CF)n
AB-type AA'-type Stacking-II
Stacking-Il Stacking-II

Fig. 7. The stacking sequences of the monolayers of AB-type (CoF),, AA’-type (CoF),

and (CF), assumed for the G(r)-based refinement of the structure models.
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Fig. 8. Atomic pair distribution functions, G(r)’s, of the (C2F), structure models fitted to

the curve experimentally obtained for the sample F-1.
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Fig. 9. Atomic pair distribution functions, G(7)’s, of the (CF), structure models fitted to

the curves experimentally obtained for the samples F-2 and F-3.
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