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For Synthetic Metals

Intercalation of Graphite by Silicon Tetrafluoride and Fluorine to Yield

a Second-Stage Salt C24SiF5.

G. L. Rosenthal, T. E. Mallouk, and Neil Bartlett

Department of Chemistry, University of California and the Materials and

Molecular Research Division, Lawrence Berkeley Laboratory, Berkeley, California 94720.

Summary

Powdered gréphite (eifhér finely broken HOPG or Union Carbide SP]).inter—
acts with 1:1 SiFa/F2 mixture (v 50 atmospheres) at 40°, to yield a second stage
compound (aO = 2.46(1), G, = 11.29(1) R) of composition C%24SiF5. This product
interacts with excess PF5 with quantitative displacement of S1'F4 to yield a
first-stage fluorophosphate (a0 = 2.46(1); C0 = 7.65(1) ﬂ) according to the
equation: C24S1'F5 + 2 PF5.+ C24PF6.PF5 + SiF4. The first-stage fluorophosphate
falls to a second stage salt (aO = 2.46(1); ¢, = 10.87 R) under vacuum:
20° PF. + PF.. This is identical to that prepared directly:

24PF6.PFg > CopPFg 5

24C + PF5 + %FZ > C24PF6. Extensive reduction of C24PF6’ at ~ 20°:

+~ 48C + 3 PF5 to graphite of crystallinity comparable to that of

C,,PF. PF

2 C,yPFg + PFy

the starting graphite establishes that the initial C24S1'F5 does not involve

extensive fluorination of the graphite. The ease of displacement of SiF4 by
superior fluoroacids indicates that C24S1'F5 can be a valuable precursor for
other graphite salts. Ready formation of a first-stage fluoroborate, C%BF4,
Ic = 7.70(1) R contrasts with the failure to similarly prepare a first-stage SiF

This work was supported in part by the Committee on Research of the University
of California, Berkeley, and by the Director, Chemical Sciences Division of the
U.S. Department of Energy under Contract Number DE-AC03-76SF00098.
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salt.



Introduction

e s

The pattern of graphite intercalation by hexafluorides of the third
transition series] had indicated that the intercalation of such molecules,

to form CX+MF6' salts, requires a minimum electron affinity of approximately

2,3

120 kcal mo]e']. Such a threshold e1eqtron'affinity also accounts for

the spontaneous intercalation of graphite by arsenic pentafluoride and for
the failure of the physically similar pentafluoride of phosphorus to do

likewise. For the half reaction:

3 EF5 +2e. » 2 EF6 + EF3

4,5

the values for 'AHEQB (per mole of electrons) are *”: for AsF. > 123 kcal

5
molef] and for PF5 = 87(8) kcal mo]e‘]. Recently Rosenthal and Bartlett

have shown6 that gaseous PF3 reduces the second-stage salt, C24PF6, at 20°:

-2 C,,PF. + PF, > 48C + 3 PF

24" 6 3 5

the recovered graphite possessing crystallinity comparable with that of
the starting graphite. The threshold energy for»MFG'_intercalation there-
fore appears to be thermodynamic.

| Inter;a]ation of graphite by BFd- formed from BF3 and F2 was first
claimed by Cohen.7 A second-stage fluoroborate C]6BF4 has been}reported8
by Ebert and Selig as a product of the interaction of graphite with BF3 and

CeF. Graphite fluoroborates have also been prepared by Vogel and Herold and

their coworkers9 by using nitryl fluoroborate as the oxidizing agent, but those
syntheses have also resulted in the incorporation of solvent molecules (nitro-

methane) as well as fluoroborate. 'First-stage fluoroborate devoid of such



dielectric spacers had not been reported hitherto. A first-stage salt
678F4 has been prepared as part of this study. Ready intercalation of

graphite by BF4 is- in accord with the very favorable fluoride-ion
10 11

affinity -AH§98(BF3(9) + %F2(g) +e = BF4(g)) =

of BF3, from which

154 kcal mole'].

Beauchamp and i-1ur‘phy]2 have concluded that the fluoride-ion
affinity of SiF4 is only slightly inferior to that of BF3.V Since the
SiFS', although roughly 5/4th the volume of‘BF4', requires no further
separatioh of the carbon-atom sheets]3 than does-BF4', the energy expended
for sa]ts‘of'comparable charge, Cy+EF;, should bebsimilar. It seemed there-
fore that graphite salts Cy+SiF5' should exis't.-l4

Intercalation of graphite by S1'F4 in the presence of F2 has been achieved
and a vacuum étable second-stage salt of composition C24SiF5 appears to repre-

sent the intercalation 1imit. This paper describes its preparation and some

of its properties.



Experimental

Materials: The graphite used was of two forms: HOPG chips (kindly
provided by A. W. Hoore, Carbon Products Division, Union Carbide) were
filed by hand into powder; SP—]vgraphite (Union Carbide) was used as
supplied. Although the SP-1 crystallites were of considerably smaller
bartic]e size, they interacted somewhat more slowly than the fragmented
HOPG in all cases. All graphite samples were baked at 500° under vacuum
~and were pretreated with F2 (300 torr) for four hours. Silicon tetra-
fluoride and fluorine were used as obtained from The Matheson Company,
East Rutherford, N. J. Phosphorus pentaf]Qoride (also from The Matheson

Company) was purified by trap-to-trap distillation and checked for purity

by infrared spectroscopy.

Instrumentation: Infrared spectra of the reactant gases and gaseous
products were recorded using a Pérkin-Elmer 597 spectrophotometer. The
gas cell was of stainless stell provided with AgCl windows cut from_] mm.
thick sheet, the path length being 10 cm. Debye—Scherrer X-ray powder
photographs were taken.on a General Electric Precision camera (nominal
circumferencé 45 cm.) using Ni-filtered Cu Ka radiation. Samples were
packed in thin-walled quartz capillaries (usha]]y 0.7 mm. diameter),
as supplied by Charles Supper & Co. Analyses were performed by the micro-
analysis Laboratory of the Department of Chemistry, Unfversity of California,

Berkeley.

Apparatus and Sample Handling: The reaction vessel in all cases was a

three-inch length of 3/8" diameter stainless steel rod, drilled to an inner



diameter of 1" and connected to aAstainless steel Whitey valve by Swagelock
compression fittings. Its capacity wés ~ 2.5 ml. Gas transfers were per-
formed in a stainless steel vacuum system and all manipulations of solid
materials were'carried out in a dry nitrogen atmosphere of a Vacuum At-
mospheres Corp. Dri-Lab. Gases to be transferred to the reaction vessel
were measured out in a section of the vacuum line of ~ 70 ml capacity.

This included the volume of a Monel Helicoid Bourdon gauge measuring 0 to

1000 mm. Hg. abs., as supplied by American Chain and Cable Co. Inc.,

Bridgeport, Connecticut. Typically gases measured out in the 70 ml. volume
were condensed sequentially in the reaction vessel (which was not part of

the fixed volume) by cooling that vessel to -196°.

Preparation of C,,SiF;. Silicon tetrafluoride (500 torr) and F2 (500 torr)

were each transferred from the line to graphite contained in the reaction vessel
which was then closed and warmed to N 20° for 8 hours. SiF4 (1000 torr) and

F2 (1000 torr) were added again from the line and the yesse] was warmed to 40°

in a water bath for ~ 12 hrs. Remaining gases were removed in a dynamic vacuum
at ~ 20°. Results for four preparations are listed in:Table 1. They indicate

an approximate composition C24SiF5. X-ray powder data (given in Table 2) es-
tablished C24S1'F5 to be a second-stage compound with a, =2.46(1); Co = 11.30(2)3.
That the Si : F ratio was 1:5 and not 1:6 was indicated bybthe stoichiometry of

the interaction with PFS‘

Interaction of C24S1'F5 with PF5. A large molar excess of PF5 has condensed on

to C24S1'F5 in the small-volume reaction vessel and the reactants were left for




20 hours at 20°. The gases were vented to a c]osedvvdlume of the vacuum
line which incorporated the infrared cell. Infrared spectroscopy showed
that the vented volatiles (including the excess PF5) were rich in SiF4.
The solid product was a first-stage compound which fell to a second-stage
compound C2 PF. (see below). The first stage compound had the composition

46
C24PF6_PF5 (see Table 3). It was handled in the Dri-Lab at ~ 20° without
severe loss of PF5 and the X-ray powder samples prepared under these con-
ditions provided the data given under C24PF6.PF5 in Table 2. When C24PF6.PF5,
derived from C24SiF5, was subjected to a dynamic vacuum it lost only PF5
(as established by infrared_spectroscopy) and yielded thé second-stage material
C24PF6 (see Table 4). This material was indistinguishable, in its X-ray powder
diffraction pattern, from that prepared directly from graphite, PF5 and F2
(see below). The second-stage compound C24PF6 consumed approximately an equi-

molar quantity of PF5 when exposed to it, at 20°, to again yield C24PF6,PF5.

Preparation of C24PF6.PF5 and C24PF5 from graphite, PF5 and F2. A large molar

excess of PF5 and just sufficient F2 to meet the requirements of the C24PF6,PF5

synthesis were condensed onto the graphite in thé reaction vessel which was
warmed to ~ 20° for 24 hours. Remaining gases were vented to the Dri-Lab atmos-
phere and the solid was examined by X-ray powder photography. If the product
was not a homogeneous first-stage compound it was again treated with'PFS, con-
taining a small concentration of FZ’ for a further 8 hours at 20°. The first-
stage compound prepared in this way was indistinguishable from that derived
from C24SiF . As illustrated in Table 4 such samples of C24PF6,PF5 fall to v

5
C24PF6 in a dynamic vacuum.
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Preparation of C,,PF.. A vacuum stable first-stage hexafluorophosphate of
116

approximate composition C”PF6 was prepared by treating graphite (typically
10.5 mm. mole) with PFs and F2 (400 and 300 torr respectively as measured
in the line) at ~ 20° for 12 hours. Volatiles were removed in a dynamic

vacuum. The vacuum-stable residual solid (PF6' uptake 0.95 mm. moles)

proved to be a first stage compound, with a_ = 2.46(1), c. = 7.79(3) R, car-

bon analysis of which gave C = 47.3%; required for C]]PFG: C =47.7%.

Preparation of a first-stage graphite fluoroborate. Graphite (12.1 mm. mole)

was treated with BF3 and F2 (700 and 600 torr respectively in the fixed volume
of the vacuum line) at ~ 20° for 24 hours in the sma]T volume reactor. Vola-
tiles were removed in a dynamic vacuum at v 20°. Gravimetry indicated uptake
of 1.68 mm. mole BF4 and a composition C7.ZBF4, with which éarbon analysis is

in good agreement: C, required: 49.9%; C, found: 49.8%. X-ray powder photo-
graphs yielded the fo]]owing\OQ&_g §pacings (R): (001) 7.64, s; (002) 3.832 VS;
(003) 2.566 mm., indicating an IC of 7.69(2) R. The salt is deep blue and

vacuum stable at 20°.

Discussion

R o N

Although it was quickly apparenf that the product at the maximum inter-

calation 1limit of graphite by S1‘F4|F2 mixtures was a second-stage compound of

‘approximate composition C24S1'Fx the determination of x posed difficulties. 1t

15

was known from previous work in these laboratories ~ and from the work of Ebert -

and Se]ig,8 that graphite is intercalated by PF6' to form first-stage salts,

but that_PF5 alone is not intercalated by graphite. Since PF5 does not add



more than one F™, it appeared that the displacement of SiF4, confidently
predicted on thermodynamic g\r'ounds,]6 would provide for the counting of
the number of F~ coordinated to the SiF, in CogSTF, i.e. for the deter-

mination of y in the scheme:

C,SiF +y PFg > C (PF()

4+y y
The first stage compound of composition C24PF6.PF5, the stoichiometry

of which is suggestive of salt of a u-fluoro-bridged anion FSP-F-PFS, had

not been anticipated. Species such as FSP-F-PFS' have been considered by

Ebert 33_3117. The ready fall of C24PF6.PF5 to the second-stage compound
C24PF6 according to the equation:

C,,PF_ PF. - ¢ oPF

24"F5.PFg + PF

24" ' 6 5

established however that the stoichiometry of the fluorosilicate precursor
must have been C24SiF5. The first-sﬁage compound C24PF6.PF5 proved to be

preparable directly from graphite PF5 and F2' The last species was regu-

lated to just meet the stoichiometric requirements:

24 C + 2 PFg + 4F, ~ C,,PF, PF

24 "6° 5

More fluorine generates the vacuum stable first-stage compound C]]PF6.

Attempts to prepare the second-stagé material, C24SiF5, using HOPG
chips, suitéb]e for conductivity studies, have not been successful, not even
a pure third-stage being preparable. Both in these efforts and the unsuccess-
ful attempts to prepare a first-stage compound using finely powdered graphite,
pressures of S1‘F4 and F2 up to 20 atmospheres were employed but temperatures
in excess.of 40° were avoided because of the concern to avoid fluorination of

the graphite. Thus SiF4 is clearly seen to be inferior, both to PF5 and GeF4,



as a fluorine-sponsored intercalator. Each of the latter fluoroacids readily
yields first stage salts in the presence of fluorine, and even large HOPG
chips are so intercalated. This is compatible with the high exothermicity of

- 1
the process EF + %Fz(g) +e - EF

) which is -163 kcal mole ' for

x(g) x+1(g
each of these mo]ecu1es.5 Of course it is the high value of the fluoride ion

affinity of GeF, and PF

4 5 (101 kcal mo]e'] for each) which makes a major con-
tribution to this oxidizing power and also provides for the ready displacement

of SiF4. From the observations of Murphy and Beauchamp]2 we can assume that

the fluoride ion affinity of SiF4 is less (less exothermic measured as an enthalpy

change) than 92 kcal mo1e']. It may well be much less.

The ease with which graphite has proved able to intercalate BF3
in the presence of fluorine to form C7BF4 a first-stage salt, indicates
that the fluoride ion affinity of BF3 may be -apppreciably superior to
that of SiF4. Evidently, of the fluoroacids considered here, SiF4 is
the poorest promotor of graphite oxidation. The weak fluoroacid properties
of S1'F4 mean however that SiF4 can be readily displaced by stronger and
less volatile acids. Thus S1'F4 is displaced from C24S1'F5 not only by PF5
but also by BF3 and this provides a convenient route to lower-stage salts.
Perhaps a more important application, however, is in the intercalation of
fluoride ion acceptors which are themselves ungtab1e to elemental fluorine.

An instance of this is the disp]acement18 of S1‘F4 by C_F_PF This fluoro-

65 4°

phosphorane is fluorinated (yielding PF5 and fluorobenzene) when exposed to
F2 but when added to C24S1'F5 only SiF4 is observed as a volatile and the
fluorophosphorane is intercalated:

SiFg™ + CcFePF, = CFePF.™ + SiF,
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Table 1. Gravimetric data and carbon analyses for C24S1'F5 preparations*

millimoles mi]ljmo]es C:S1'F5 % C found
of carbon of S1F5 molar ratio (C24S1'F5 requires C = 70.1%)
taken up
17.0 0.7 24 69.6
18.8 0.86 22 - 70.5
17.0 0.7 24 -

18.4 0.79 23 -

* X-ray powder photographs of all preparations were alike and indicative
of a pure second stage material. Samples analyzed for carbon were also
analyzed for H and N each of which proved to be insignificant.

V
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Table 2. d Spacings (ﬁ) and relative intensities from X-ray powder data* for first-stage C

11PF6 and
C,,PFs.5» and second-stage C,,PF. and CoySiFe
C11PFs CyPFe e CoqPFe | CpySiFg
hkt I/Io dobs  Yealc l/Io _dbbs deatc l-/Io dobs  Yealc l-/Io dobs  Ycalc
001 m 7.639 7.789 s 7.603 7.621 m 11.19 10.87
002 vs  3.867 3.894 vs  3.809 3.810
1003 m 2.599 2.596 m 2.541 2.540 vs 3.631 3.624 vs  3.760 3.768
004 - - m 2.721 2.718 m 2.833 2.826
100 m 2.124 2.126 m 2.111 2.126 m 2.127 2.127 s 2.125 2.128
005 i - - -
006 mw 1.808 1.812
007 ' - - - W 1.554 1.553 W 1.614 1.615
110 W 1.227 1.227 m 1.227 1.227 m 1.228 1.228 s 1.228 1.228
M1 W 1.212 1.212
12 W 1.167 1.168
ao(R) 2.45(1) 2.45(1) ' 2.46(1) . 2.46(1)
cO(R) 7.79(2) - 7.62(2) 10.87(6) . 11.30(2)

* Powdered samples were contained in thin walled quartz capillaries of 0.7 mm. diameter. A General Electric
'‘Precision’ camera of 45 cm. nominal circumference was used with Ni filtered.CuKu radiation.

Lt
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Table 3. Stoichiometry of the interaction of C24S1'F5 with PFS*

mil]jmo]és millimoles molar ratio
.C24S1F5 PF; taken up vPFS/C24S1F5
0.28 0.56 2.0
0.38 0.77 2.0 “

0.26 0.50 1.9

* X-ray powder photographs of all solid products CZ4PF6.PF5 showed only
a first stage pattern (Table 2).

Table 4. Conversion of C24PF6.PF5 to C24PF6

Origin of the  millimoles millimoles % C in residue ,
C24PF6.PF5 C24PF6.PF5 PF5 removed (C24PF6 requires 66.5%)
- ' under vacuum
at 20°
1. via C24S1'F5 0.31 | 0527 , 65.6

2. 24C + iF, + 2PF  0.42 0.41 69.4

v
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