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224 W RUDORFF

I. Crystal Structure and Mode of Reaction of Graphite

Of the two modifications of elementary carbon, diamond and graphite,
the latter is not only more abundant and of greater technical im-
portance, but it is also more versatile and interesting in its reactions. In
its reactions diamond depends on the removal of successive carbon atoms
from the three-dimensional net and the formation of compounds of low
molecular weight, as, for example, in combustion to carbon monoxide and
dioxide. Graphite, on the other hand, is able, under certain conditions, to
take up atoms, ions or molecules in its lattice while leaving its structure
largely unchanged. The formation and constitution of these intercalation
compounds may be explained in terms of the structure of graphite and the
special bonding relationships encountered in it.

Graphite crystallizes in a layer lattice. The carbon atoms form regular
sheets of linked hexagons which are displaced relative to one another. In
the stable hexagonal modification (3, 25), which has the space group
Dgt-C 6/mmec, alternate sheets are situated above one another, giving a
sequence ABAB . . . | so that the identity period in the direction of the
¢ axis embraces two carbon layers (see Fig. 1).
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Fig. 1. The graphite crystal lattice.

In addition to the hexagonal modification, graphite has a second form
(17, 45) which, according to Lipson and Stokes (47), has a rhombohedral
structure with the space group Dss5-R 3m. In this, the carbon layers are
displaced in such a way that each third layer is superposed, giving a
sequence ABCABC. New investigations by Hofmann and Boehm
(34) and by Laves (46) show that the hexagonal form may be
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transformed into the rhombohedral by mild mechanical treatment in-
volving shear, for example, by grinding. In dressed natural graphite the
proportion may be as high as 30%, but it is seldom encountered in arti-
ficial graphite or in single crystals. The rhombohedral reverts to the
hexagona! form on heating above 1300°. The two forms have not been
observed to differ in their ability to form graphite intercalation com-
pounds. Since, moreover, the distances of the carbon atoms and the
bonding relationships are the same in the two modifications, we may
neglect the rhombohedral modification in what follows.

Within the layer planes each carbon atom is surrounded by three
other atoms at 1.41 A. The distance between layers is 3.355 A and is
thus substantially greater. Corresponding to these different distances
there are different types of bonding. Within the layers each carbon atom
is linked by a strong homopolar bond with its three neighbors. On the
other hand the electrons. representing the fourth valency of the carbon
atoms are not localized in definite bonds but, as in the case of the x-elec-
trons of a large aromatic molecule, are shared by the whole layer.
Graphite owes its high thermal and electrical conductivity to these so-
called free electrons, which form the conduction band in the graphite.
A relatively energetic reaction is needed to break the homopolar bonds
and remove separate carbon atoms from the layers, but a suitable re-
actant is often able under quite mild conditions to change the state or
concentration of electrons in the conduction band and thus to become
intercalated between the carbon planes. When this occurs the carbon
planes remain intact and only their distance from one another inereases.
For this reason the formation of intercalation compounds is always
linked with swelling of the graphite in a direction perpendicular to the
basal planes.

The bonding of reactants in the graphite lattice may be very varied
in type and, in some cases, is not yet fully understood. This will be
discussed in detail when the separate compounds are described. At this
stage, however, it may be said that the graphite compounds fall into two
groups, according to the character of the bonding. In compounds of the
first class there is homopolar bonding between the intercalated atoms and
the carbon atoms. To this belong graphite oxide, carbon monofluoride,
and tetracarbon monofluoride. In the second class, to which the majority
of graphite compounds belong, the bonding has a more or less pronounced
polar character. It is characteristic of these compounds that occupation
of the lattice occurs in a series of steps or “stages.” Thus the reactant
may enter the space between each set of basal planes, or that between
each second, third, fourth, and so on. The separate compounds or phases,
which may be clearly distinguished from one another by analysis or by
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X-ray examination are called the stages 1,2, 3, . . . . The alkali metal-
graphite compounds and the graphite salts afford an opportunity for
the detailed study of this type of stepwise intercalation.

This review deals with the present position of our knowledge of these
graphite compounds. This requires also that brief reference be made to
compounds which have been known for a long time and repeatedly
studied. In so far as this work is covered by earlier reviews (33, 52, 53,
57), it has been omitted here. On the other hand, research done in the last
fifteen years, in so far as it has led to the discovery of new compounds
or new results on the constitution and structure of graphite compounds,
is discussed somewhat more fully. Numerous recent studies of physical
properties of graphite compounds, such as conductivity, magnetism, and
the Hall effect are mentioned here only when they are significant in
elucidating the type of bond in the eompounds dealt with.

ll. Graphite Compounds with Homopolar Bonding

A. GrarHiTE OXIDE

1. Properties and Composition

Graphite oxide, which is also known as graphite acid, was described
by Brodie (6) as early as 1860 and is probably the most fully studied
graphite compound (for bibliography see refs. 33, 53). In spite of this,
however, its constitution is not yet fully elucidated. It is best prepared
by oxidizing graphite with a mixture of potassium chlorate and concen-
trated sulfuric and nitrie acids (81). Thorough washing with water yields
products which vary in color from yellow to dark brown. Hofmann and
his co-workers (8) recently were able to prepare light-colored prepara-
tions, which darkened on warming or in light, by washing in the dark
with water saturated with chlorine dioxide and containing hydrochloric
seid. The light-colored graphite became black at once when introduced
into dilute sodium hydroxide solution. No correlation between color and
composition was found, however.

Graphite oxide is thermally unstable. When rapidly heated to about
200° it deflagrates with formation of carbon monoxide, carbon dioxide,
water, and soot-like carbon. This graphite oxide soot is shown by the
electron microscope to be different from ordinary soot. It consists of thin
plates, 20-30 A thick and up to 10000 A? in extent (75, 37). When warmed
slowly, graphite oxide is broken down to graphite-like products, which,
however, still contain oxygen. Carbon dioxide predominates in the gaseous
decomposition products. Graphite oxide possesses oxidizing properties and
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is reduced to graphite by reducing agents, though the reaction is never
quite complete.

The composition of graphite oxide is most suitably characterized by
the C:O ratio, after taking into account the hydrogen found in combus-
tion (33). If all four of the valencies of each carbon atom were satisfied
by bonding to oxygen this ratio would be two, but this value is never
reached. Values for C:0 of 2.4 to 2.9 are found for well-oxidized prepara-
tions and values of 2.7 to 2.8 are particularly common. Less oxidized
preparations with C:0O ratios of 3.5 to 4 are, however, homogeneous
phases, and show the same characteristic properties as more highly oxi-
dized specimens.

Among the characteristic properties of graphite is the ability to un-
dergo swelling. Water and organie liquids with polar groups may be
taken into the lattice with a reversible change in the interplanar dis-
tance. This is 6.35 A and 9 A in preparations dried over phosphorus
pentoxide and in the air, respectively, and it increases in liquid water
to 11 A. In weakly alkaline solutions (0.01 N) swelling is so great that
the interplanar distance can no longer be measured with X-rays.

Hydrogen found by analysis to be present in graphite oxide cannot
be attributed solely to water taken up in the swelling process, since it
is always present in well-dried specimens. According to Thiele (85) and
to Hofmann et al. (35, 36), graphite oxide always contains hydrogen
ions capable of exchange, which are probably associated with weakly
acid hydroxyl groups and more strongly acid carboxyl groups. The
presence of carboxyl groups in graphite oxide is to be expected from its
mode of preparation, for mellitic acid is produced in the oxidation of
carbon with potassium chlorate in the presence of sulfuric and nitric
acids.

In connection with the constitution of graphite oxide, the question
of the number and nature of the acid groups and the point of their at-
tachment is especially interesting. Comprehensive studies by Hofmann
and his co-workers (36, 35, 8, 74) on the extent of base exchange and
on the methylation of graphite oxide have made a substantial contribu-
tion towards solving this problem. The results of these investigations
may be summarized as follows.

In well-oxidized specimens the fraction of —OH groups, as calcu-
lated from measurements of sodium ion exchange from sodium ethylate
solution, is found to be about 1100 meq per 100 gm of graphite oxide
(dried over phosphorus pentoxide). Roughly the same value is obtained
by eluting from a well-dried specimen all the water left from swelling
by means of dioxane, and attributing the remaining hydrogen to —OH
or —COOH groups.
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Only a part of the —OH groups—about 700 meq per 100 gm-—can
be methylated with diazomethane or acetylated with acetic anhydride.
That it is the —OH groups attached to the carbon planes which react
in this way follows from the fact that, after methylation or acetylation,
the interplanar distance in the dry graphite oxide is increased by 3-4 A.
Methylated graphite oxide preparations retain the property of base
exchange with sodium methylate solution to an extent corresponding
with the number of —OH groups not involved in the methylation re-
action.

The number of carboxyl groups has the comparatively small value of
30-100 meq per 100 gm. These groups may be determined by methyla-
tion with methanol and hydrochloric acid. In this case the weakly acid
-—OH groups of the layer planes do not react. Carboxyl groups can
probably be attached only at the edges of the crystal or at the edges of
cavities in the layer planes, for preparations methylated with methanol
show the same interplanar distance as unmethylated specimens.

2. Constitution and Structure

Neither the infrared spectrum nor X-ray analysis enables a detailed
picture of the structure of graphite oxide to be obtained. According to
Hadzi and Novak (24) the —OH stretching and bending frequencies
and the C=0 bond frequency occur in the infrared spectrum, but it is
not possible to determine whether the C=0 group is present only in
carboxyl groups, or in keto groups as well. A band at 9.3y is attributed
by the authors to the C—OH bond vibration, but the assignment of
further weak bands is uncertain. The position and bonding of the atoms
cannot be determined with certainty by X-ray analysis since, apart
from the (00l) reflections, from which the distance between the basal
planes may be calculated, only (hk) cross lattice reflections occur.

In a structure proposed by Ruess (74), see Fig. 2, hydroxyl groups
and oxygen atoms are bonded to the carbon layers according to a sta-
tistical distribution. The carbon layers are believed to have lost their
aromatic character and are no longer planar, as they are in graphite,
but puckered (see the structure of earbon monofluoride under Section
IIB1b). Puckering of the rings is supported by the expansion of the car-
bon hexagonal network which, if tetrahedral bonding of the carbon
atoms is assumed, leads to a C—C distance of 1.52 A. Ruess assumes an
ether-like bonding of oxygen atoms in the 1:3 position above and below
the layer planes. The mode of bonding cannot be established experimen-
tally. All attempts to cleave the oxygen bridges and increase the number
of —OH groups have failed. If a reaction occurs as it does, for example,
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®=C-Atoms  O=0-Atoms &=0H-Groups
F1a. 2. Layer of graphite oxide with tertiary OH-groups (Ruess, 74).

with hydriodic or hydrobromic acid, immediate reduction to graphite-
like products ensues.

Hofmann (8) supposes that the layers in graphite oxide are under
strain because of the oxygen bridges and that the aromatic state of the
carbon planes in graphite itself is relatively more stable. This is sup-
ported by the fact that the heat of formation of graphite oxide from
graphite, oxygen, and water is almost zero (38). On breaking the oxygen
bridges, therefore, reduction is favored with the formation of C=C bonds
and a gradual transition to the aromatic conditions of graphite itself.
Riley (2, 7) suggests another mode of bonding of oxygen. He supposes
that graphite oxide contains peroxide groups, —O0—QO—, which bind the
graphite layers together. Contrary to this idea is the fact that free oxy-
gen is never observed in the thermal decomposition of graphite oxide.
Hofmann and Ruess (33, 74) also suggested that oxygen bridges are
broken when graphite oxide swells and that the number of —OH groups
increases. This, however, is not in keeping with what is found experi-
mentally.

The acidic character of —OH groups in graphite oxide may be ex-
plained if the —OH groups are attached to a carbon atom with a C=C
double bond, that is to say, if they are enolic in character. The presence
of C=C bonds in the layers would then be characteristic of graphite
oxide. This would explain why, in the oxidation, a C:0 ratio of 2 is
never reached.

Doubly bound carbon atoms with an enolic group can only be bound
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to one further carbon atom. It follows that in those positions where the
enolic group is attached the hexagonal network must be broken. Figure
3a shows the section of a graphite oxide basal plane according to a new
proposal by Hofmann (8). This structure leads to an idealized formula
Cs02(0OH), with a C:O ratio of 2.67 and 1240 meq of OH per 100 gm,
which is close to the observed value.
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Fi6. 3. Segment of a layer of graphite oxide (Hofmann, 8). (a) Enol groups. (b)
Keto groups.

In addition to this enolic form, a keto form is also structurally pos-
sible (Fig. 3b) which may predominate in the light-colored graphite
oxide. The change of graphite oxide from the light to the dark color in
dilute alkali could then be associated with the transition to the enolic
form.

It is possible that tertiary hydroxyl groups are present in graphite
oxide in addition to enolic groups. This is shown in Fig. 2. This would
explain why, with aqueous alkali metal hydroxides and with diazo-
methane, only a fraction of the —OH groups which are present undergo
reaction.

A totally different structure for graphite oxide was proposed by R. E.
Franklin (18). He concluded from X-ray studies that there was a strue-
tural continuity between the oxygen atoms of the graphite oxide and
those of water intercalated in the lattice. Both form together a nega-
tively charged polylayer (O.H,) with respect to which the carbon
layers are cationic. The chemical properties of graphite oxide are not,
however, readily reconciled with an ionic structure and negative hy-
droxyl ions.

B. GraAPHITE-FLUORINE COMPOUNDS

1. Carbon Monofluoride

a. Conditions of Formation. Whereas soot and active carbon burn
in fluorine when exposed to it at room temperature, coarse graphite is
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stable to fluorine up to about 400°. Between 500° and 700° reaction is
for the most part explosive and above 700° the graphite burns to a mix-
ture of fluorocarbon such as CF, and C.Fg. Only in the narrow tem-
perature range 420-460° did Ruff and Bretschneider (77) obtain a gray
product of the composition CFo9, which they called carbon monofiuo-
ride. In a further investigation of carbon monofluoride W. and G. Riidorfi
(62) obtained homogeneous preparations the composition of which was
between CFy g5 and CFo ge5. While the fluorine-poor preparations are still
black, the color lightens with increasing fluorine content. The compounds
with the highest fluorine content are pure white and transparent in their
layers. At the same time the electrical resistance increases very much
and the white preparations are practically nonconducting.

Formation of carbon monofluoride is catalyzed by gaseous hydrogen
fluoride (63). There are characteristic differences according to the crys-
talline condition of the carbon. With coarse crystalline graphite in the
form of flakes, formation of carbon monofluoride is determined almost
entirely by the partial pressure of hydrogen fluoride and shows little
dependence on temperature, At an HF partial pressure of 200 mm, reac-
tion occurs at 250°. When, however, the carbon forms a very dense ag-
gregate of fine crystals, which is the case with retort graphite, reactivity
is determined less by hydrogen fluoride pressure and much more by
temperature. Retort graphite is very resistant at 250°, even at high
hydrogen fluoride concentrations, but it becomes more reactive than flake
graphite above 320°.

Catalysis by hydrogen fluoride explains the formation of a carbon
monofluoride layer on carbon and graphite anodes in the electrolysis of
potassium fluoride—hydrogen fluoride melts, which was observed by
Ruff (76). This unwanted reaction can lead to destruction of the anodes
in the space above the electrolyte and, according to Riidorff and Hof-
mann (71), is also responsible for the so-called aging of carbon and
graphite anodes, which manifests itself by an increase in the anode
voltage on prolonged electrolysis.

Carbon monofluoride is strikingly unreactive, being unwetted by
water and unattacked even by concentrated acids and alkalis. No re-
action occurs up to 400° on heating in hydrogen. When rapidly heated
the compound deflagrates with production of a flame, reaction being
more vigorous the higher the fluorine content. It gives a cloud of very
finely divided soot together with carbon tetrafluoride and higher fluoro-
carbons.

b. Crystal Structure. The structure proposed by Ruff is based on
the assumption that fluorine is present in the graphite lattice as ions.
The ratio of the radii of fluoride ion and carbon does not, however, allow
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the fluoride ions to occupy a layer above and below each graphite plane,
so that Ruff had to arrange the fluoride ions in six layers between two
carbon planes. This structure is, however, very unlikely on electrostatic
grounds. Quite apart from this, the great inertness of the monofluoride
18 not indicative of ionic bonding of the fluorine, for all graphite com-
pounds which are ionic in type, and especially the graphite salts (com-
pare Section IIIB), are very reactive and are decomposed by traces of
water, with reversion to graphite. By contrast, carbon monofluoride is
hydrophobic and cannot be changed back to graphite.

According to W. and G. Riidorff (62) carbon monofluoride is & homo-

oC oF

Fig. 4. Crystal lattice of carbon monofluoride (W. and G. Riidorff, 62).

polar compound in which fluorine is bonded in the same way as in
organic fluorides. Figure 4 shows the new structure proposed. The fluo-
rine atoms form a layer above and below the carbon layer but, because
of the sp® bonding, the carbon atoms no longer lie in a plane, as in
graphite. Instead, the layers are puckered and the C—C distance (1.54 &)
is that for a single bond. Each composite layer is comparable with a giant
hydroaromatic molecule.

Total absence of (hkl) reflections in the X-ray diagram shows that
the separate CF-layers are no longer regularly arranged with respect
to one another, and are only roughly at the same distance apart. This
distance depends on the fluorine content: with the highest fluorine con-
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tent it is 6.6 A and it increases as the fluorine content decreases, to 8.8 A
at CFo.s. A clear explanation for this unusual dependence of the distance
on the fluorine content has not been given.

Unfortunately the X-ray powder diagram of carbon monofluoride
shows only a few reflections, so that the structure suggested above can-
not be based on an exact structural analysis. The increase in the C-C
distance relative to that in graphite follows unambiguously from the
fact that (hk0) reflections, which occur as cross lattice reflections,
are displaced to smaller diffraction angles. These reflections in the case
of a puckered layer do not give the C—C distance directly but only the
projection on the basal plane. The position of the reflections gives this
projection as 1.467 A, while calculation based on a tetrahedral angle and
a C-C distance of 1.54 A leads to the value 1.453 A. If the size of the
C—C—C bond angle is increased somewhat the rather higher experi-
mental value may be correctly reproduced.

A sure proof of the presence of a C—F bond has recently been fur-
nished by recording the infrared spectrum of the compound (59). In the
region 2-25u there is a single strong broad band at 1215 em—!. The C-F
frequency in perfluorinated organic compounds such as CgFy2 lies at
1200-1320 ecm—! (86), so that the observed band may be assigned with
certainty to a C—F vibration—probably an unsymmetrical stretching
vibration. The above model readily explains the low reactivity, the
absence of electrical conductivity, and the formation of carbon fluorides
of low molecular weight on thermal decomposition.

2. Tetracarbon Monofluoride

a. Preparation and Properties. In addition to carbon monofluoride,
graphite and fluorine are able to form yet another compound which is
like carbon monofluoride in many properties, but differs from it clearly
in composition, color, conductivity, and structure. This is tetracarbon
monofluoride, which was prepared by W. and G. Riidorff (64).

The compound is readily formed by passing a fluorine-hydrogen fluo-
ride mixture over graphite at room temperature. The rate of reaction
depends on the composition of the gas mixture and drops rapidly with
decreasing hydrogen fluoride partial pressure. If the graphite is held at
80-100°, the reaction does not occur, from which it follows that the
temperature range in which the compound is formed is relatively closely
limited. Using powdered graphite, the compound has a velvet black ap-
pearance, sometimes with a bluish tinge. The composition may vary in
the range C,F-C, ¢F and clearly depends on the conditions of preparation.

Like carbon monofluoride, tetracarbon monofluoride is also very inert,
though it is appreciably less stable thermally. It is completely stable in
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air, and is unattacked by dilute acids and alkalis, even in the warm.
Strong reducing agents such as ferrous salts or hydriodic acid produce
no change, and even chromic-sulfuric acid has no action in the cold.
From the last observation it follows that graphite, in combining with
fluorine, has lost its ability to form graphite bisulfate (compare Section
1IIB).

When warmed above 100° tetracarbon monofluoride preparations
begin to decompose and when rapidly heated they deflagrate—sometimes
with flame—and leave a very finely divided soot. Decomposition also
occurs when the compound is gradually heated to 200-300° in a stream
of fluorine or of a fluorine-hydrogen fluoride mixture. Thus it is not pos-
sible to convert the compound to carbon monofluoride by further fluo-
rination.

Unlike carbon monofluoride, the compound retains an electrical con-
ductivity which, however, is about two powers of ten lower than that
of the original graphite. W. and G. Riidorff found a specific resistance
of 2-4 ohm - c¢m at a pressure of 750 kg/cm?. Measurements by McDonnell
et al. (48) also showed a similar strong decrease in conductivity on going
from graphite to C,F.

The compound is diamagnetic, .the molecular susceptibility referred
to CFy.25 being —9.03 X 10—¢ (48). Although it may be shown that the
compound contains no hydrogen fluoride, the latter plays a decisive role
in the synthesis for, as already mentioned, the rate of reaction is strongly
dependent on the hydrogen fluoride concentration. In this connection it
is of interest that graphite when oxidized with fluorine forms a salt-like
graphite bifluoride with the approximate composition CqytHF,— - 4HF
{(68). In this compound the C:F ratio is also 4:1, but it is formed only
in the presence of liquid anhydrous hydrogen fluoride and has quite other
properties and a different constitution from tetracarbon monofluoride. It
is not impossible, however, that the bifluoride occurs as a short-lived
primary product, since a skin of liquid hydrogen fluoride may form on
the graphite crystals at room temperature from the gas stream. Further
oxidation by fluorine would then lead from this compound to tetracarbon
monofluoride. This assumption that the bifluoride occurs as an initial
product would explain the observation that at 80° graphite is unchanged
in a fluorine-hydrogen fluoride stream since, at this temperature, no
liquid film can form.

b. Constitution and Structure. The properties mentioned above indi-
cate clearly that in this compound, as in carbon monofluoride, a covalent
C—F bond is present. Since, however, only every fourth carbon atom
gives an electron for bonding fluorine, it is understandable that the
compound still conduets electricity. The structure is shown in Fig. 5.
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The network of carbon hexagons remains, with a practically unaltered
C—C distance, as in graphite. There is, however, a difference from the
graphite structure in that the carbon planes are in identical positions
one above the other. Their distance dapart is 5.34 A for preparations with

(O =F-Atoms
Fig. 5. Crystal lattice of tetracarbon monofluoride (W. and G. Riidorff, 63).

the composition C,F and this increases to 5.50 A for the composition
CaeF.

The fluorine atoms are arranged in two layers, one above and one
below each carbon plane. The C—F distance cannot be determined by
X-ray diffraction, but is assumed to be 1.4 A, as in organic fluorine com-
pounds. For C,F, if the fluorine atoms are regularly distributed, they
form in each layer a triangular network with an F—F distance of 4.9 A.

c. Comparison of the Structures of C,F and CF. The structure
of tetracarbon monofluoride differs from that of carbon monofiuoride in
that the distance between layers is smaller .and, especially, in that the
carbon planes are not puckered. It seems unlikely that those carbon
atoms to which fluorine atoms are bonded project out of the plane and
that the carbon planes are buckled, for this would distort the hexagonal
network and would be recognizable in the X-ray powder diagram, both
in the position of and in-a broadening of the (hk0) reflections. These
reflections are, however, relatively sharp, as in graphite itself.

Structural studies made up to the present lead to the generalization
that in & graphite compound all C—C distances in the carbon layers,
apart from lattice imperfections, are the same and that the layers are
either plane or puckered, even when some of the carbon atoms have a
different type of bonding. In carbon monofluoride and tetracarbon mono-
fluoride the two possible structures for the carbon layers are realized.
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So long as the proportion of carbon atoms involved in bonds with fluorine
remains small—in C,F it is one quarter—the aromatic character of
graphite with plane carbon sheets is retained. Bonding of fluorine, how-
ever, certainly produces tension within the layers and this may be the
reason for the low thermal stability. The carbon planes become puckered
when, as in carbon monofluoride, the majority of the carbon atoms be-
come involved in sp® bonds. The fact that no further compound occurs
in the region between CFg 25 (= C3¢F) and CFyes and that there is no
continuous transition from the one compound to the other is in keeping
with this view. For the monofluoride the most stable preparations are
those which approximate most closely to CF;, as the puckered carbon
planes are then free of strain. The further the composition deviates from
the ideal formula the greater is the strain, as is shown by the observed
increase in thermal instability with decreasing fluorine content.

lil. Graphite Compounds with Polar Bonding

A. PotassiuM- RuBIDIUM- AND CESIUM-GRAPHITE

1. Composition and Properties

Graphite reacts with striking readiness with the molten alkali metals
potassium, rubidium, and cesium, or their vapors, to form alkali metal-
graphite compounds. Fredenhagen et al. (19, 20) showed that for all
three alkali metals, depending on the temperature and alkali metal vapor
pressure, products were formed which differed from one another in color.
The first compound has a color between bronze and copper-red and has
the approximate composition CgMe (Me = K, Rb, Cs). Such a compound
is prepared readily by carefully distilling off in a vacuum the excess of
alkali metal used in the preparation. On further heating, CsMe loses
alkali metal and passes over into a steel-blue compound. Finally, all the
alkali metal may be driven off by heating strongly.

The composition of the blue product was not established with cer-
tainty in Fredenhagen’s work and Schleede and Wellmann (79) first
derived the formula C;¢Me from crystal-structure measurements. How-
ever, further analytical and X-ray investigations by Riidorff and Schulze
(66, 67) showed conclusively that the blue compounds contained less
alkali metal and had the formula Cz;Me. This conclusion is supported by
Hérold’s work (32) which showed that in the isobaric breakdown curve
of CgK the first clear break occurs at C24K. This product gave the same
X-ray powder pattern as the blue compound studied by Schleede (31).

Fredenhagen found calorimetrically a value of 12 keal/mole for the
heat of formation of CgK formed by introducing graphite into an excess
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of molten potassium. A careful redetermination by Quartermann and
Primak (51) led to the lower value of 7.8 kcal/mole. Hérold (31) cal-
culated from vapor-pressure measurements that AH for the reaction
C24K + 2Ky = 3CgK was —6.8 keal. The corresponding AH values for
the Rb and Cs compounds are —11.6 keal and —20.2 keal, respectively.
With Fredenhagen’s value for the heat of formation of CsK we then
obtain

24C + Kjjq — CuK;; AH = —29.2 keal.

If Quartermann’s value is taken, AH = —16.6 keal.

The alkali metal-graphite compounds are extremely reactive. They
ignite in air and may react explosively with water. In the controlled
reaction with water or alcohol only alkali hydroxide and hydrogen re-
sult: there is no acetylene or any other hydrocarbon. Fredenhagen con-
cluded from this that the compounds could not be carbides. Mercury
dissolves the alkali metal out of the lattice. When treated with liquid
ammonia, CgMe gives up only a third of the alkali metal and takes in
its place two molecules of ammonia (see Section 11TA4).

2. Structure of the Alkali Metal-Graphite Compounds

The crystal structure of these compounds was first determined by
Schleede and Wellmann (79). In the compound CsMe a layer of alkali
metal atoms is present between each pair of carbon planes, whereas in
the blue alkali-poor compound this oecurs between every other pair. In-
troduction of the alkali metal increases the interplanar distance to 5.41 A
for potassium, 5.61 A for rubidium, and 5.95 & for cesium, According to
the definition given in the introduction these two compounds are referred
to as the first and second stage.

In the first stage the alkali metal atoms form a triangular net, the
edge of which has the value a = 4.91 A and is exactly twice as long as
the hexagonal a axis of the hexagonal carbon net (Fig. 6a). When the
layers are fully occupied the first stage has the composition CgMe. The
arrangement of atoms in this compound, as found by new structural
determinations (67), is shown in Fig. 7. The new model differs from that
of Schleede and Wellmann only in orientation of the carbon and alkali
metal planes relative to one another. According to these authors, the
carbon planes are arranged as they are in the hexagonal modification
of graphite (i.e., in the sequence ABAB . . .) and the metal atoms lie
between one carbon atom and the middle of a hexagonal ring of carbon
atoms situated above or below it. In the new structure all the carbon
planes are in identical positions (i.e., they have a sequence AAAA . . .)
and the alkali metal atoms always oceupy positions above or below the
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F16. 6. (a) The triangular packing of the alkali atoms in CsMe. (b) The hexagon
net of the alkali atoms in CzMe, CxMe. Both (a) and (b) are shown in relation to
the hexagon net of carbon atoms

middle of a hexagonal ring of earbon atoms. This arrangement seems
intrinsically more likely for, in it, every metal atom has twelve carbon
atoms at the same distance from it (3.07 A for CgK or 3.24 A for CgRb),
whereas in the first model each metal atom has as neighbors one carbon
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atom belonging to the layer above, and six belonging to the layer below
it, at different distances.

Since a metal layer in stage 2 is separated from the next by two
carbon planes, the Me:C ratio should be half as big as in stage 1 if the
alkali metal layers were populated equally in the two stages. On this
assumption Schleede arrived at the formula C,¢Me. Since, however, the
composition is actually C24Me, the metal atoms must be less densely
packed in the second stage. Such a result is obtained if every third Me
atom is removed from the triangular network as it exists in stage 1. The
resulting hexagonal network fits the carbon network with the same
Me-Me distance as does the triangular network (Fig. 6b). This arrange-
ment gives the exact composition C,sMe for stage 2.

The arrangement of metal atoms in a hexagonal network cannot be
rigidly proved by X-ray methods, since no further superstructure reflec-
tions which require a greater identity period than the carbon network
possesses can be recognized for stage 2. Presumably the metal atoms in
the wide-meshed net are much more mobile in the direction of the layer
plane than at right angles to it, so that the (h0l) and (hkl) reflections
are more disturbed than the (001).

In addition to these two stages there are other alkali-poor stages. to
which the author drew attention in 1944 (57). A systematic study of the
systerms graphite-potassium and graphite-rubidium (67) showed that in
all, five stages occur in the range between CgMe and CgMe. Their com-
positions are shown in Table 1. The formulae of stages 2 to 5 are whole

TABLE 1

Lattice constants, ¢
for potassium graphite

Composition A)*
1st stage CsMe 541 = 541
2nd stage C.Me 8.76 = 5.41 + 1 X 3.35;
3rd stage CisMe 12.12 = 5.41 + 2 X 3.35;
4th stage CgMe 15.48 = 5.41 + 3 X 3.35;
5th stage CocMe 18.83 = 5.41 + 4 X 3.35;

* The published values in kX have been converted
into A.

number multiples of 12:1 from which it follows that the same hexagonal
network of metal atoms is present in all these stages as has already been
described above for stage 2.

The formulae correspond to idealized compositions, though each stage
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has a definite homogeneity range within which the characteristic se-
quence of carbon and metal layers remains undisturbed. When there are
large deviations from the ideal formula two stages are obtained together
as, for example, when, in attempting to make preparations with the com-
position C;¢Me, stages 1 and 2 result. The transition of the separate
phases into one another thus occurs discontinuously.

Introduction of the metal layer leads, for all the stages, to the same
increase in the distance between the adjacent carbon planes, as may be
seen from the identity periods for potassium-graphite (see Table I). In
addition the carbon planes next to the metal layers always have identical
positions. Thus entry of the alkali metal into the lattice is linked not
only with an expansion lattice but also with a lateral displacement of
the carbon planes. Metal atoms are then able to arrange themselves so
that they lie over and under the carbon hexagons and are surrounded
symmetrically by twelve carbon atoms. Figure 8 shows the sequence of

Graphite Siage ! Siage 2 Sioge 3 Stage4 Stoge5
1 se—ee—o/ oifo-oA %M’ %Me W%MA oocfiM:oA
~ ¢eeeepf p———-— === , —-———- r ——— -——-
o0-00-0A Joo-oo-oA soo00d - eeos-e4 s0-oo0-04 Y
===~ Yeeeee lo—oo—oo +ovve3 Ye-oeees -
lamag ] -——— se-00-0/ so—s0-0/ oo-0e—04
—ee-003 Feo-oe—eep oo
so—s0-0/ m——— 00-00-04
-]
*0—oo-od
®e-ee-9 C-Layer —oo-oep
———— K-Layer | S

Fia. 8. Layer-plane sequence in stages 1-5 of alkali graphite (section perpendicu-
lar to the layer planes).

carbon and metal layers and the orientation of the carbon planes to one
another for stages 1 to 5.

3. Intercalation of Sodium and Lithium

While potassium, rubidium, and cesium enter the graphite lattice very
readily, sodium and lithium are much less reactive towards graphite and
do not appear to form the corresponding compounds. Fredenhagen (19,
20) found that sodium reacts with soot but not with graphite. Tammann
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and Sworykin (82) observed that little rods of retort carbon are at-
tacked by sodium vapor between 500° and 900° and disintegrate, giving
products which ignite in air. They concluded that sodium, like potassium,
is able to form a solid solution in earbon at higher temperatures. In spite
of this, attempts to prepare definite compounds were at first unsuccessful
(31). Hérold (31) was then able to intercalate sodium and cesium to-
gether by allowing a sodium-cesium alloy to react with graphite, but the
Na:Cs ratio in the product was only 0.12.

In recently published work Asher and Wilson () report that when
graphite is heated with about 3% of sodium to 400° a deep violet product
results; the X-ray powder diagram differs characteristically from that
of graphite. Quantitative X-ray analysis gave values for the composition
between CgoNa and CggNa. The authors believed that a stage 8 com-
pound had been formed, but, in spite of wide variations in the experi-
mental conditions, they were unable to obtain any further compounds.
It follows that there are certain differences in behavior towards graphite
for sodium on the one hand and the heavy alkali metals potassium, ru-
bidium, and cesium on the other.

The reaction between lithium and graphite has been studied by Hérold
(31). At 500° and above, after long periods of reaction only the carbide
Li,C, results, but at intermediate stages products occur which differ
distinctly in their properties from the carbide. With an over-all composi-
tion C4Li a product was obtained which was harder than graphite and
gave a homogeneous golden-yellow powder when broken up. On increas-
ing the Li:C ratio first black, then grey and finally white substances
result. The graphite compounds containing lithium are, according to
Hérold, stable in dry air. Hydrogen and acetylene are produced when
they are decomposed with water, the proportion of acetylene increasing
with the Li:C ratio in the sample and reaching 100% for Li:C = 0.5. No
X-ray study has yet been made of these striking compounds which differ
in properties and composition from the other graphite compounds.

4. Ammonia and Amine Derivatives of Alkali Metal- and
Alkaline Earth Metal-Graphite Compounds

These compounds resemble alkali metal-graphite compounds both in
their structure and in their properties. The method used in their prepara-
tion was the result of a chance observation in the author’s laboratory
(80). During an investigation of electrolytic reactions in liquid ammonia
a solution of sodium amide in liquid ammonia was electrolyzed with
graphite electrodes, and it was found that the cathode swelled and dis-
integrated. Since the electrodes were not attacked in the solution when
there was no electrolysis it was clear that the change could only have
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been brought about by a reaction of sodium separated at the cathode in
the presence of ammonia.

Riidorff et al. (66, 72, 54) obtained the ammoniates in a pure state
by the action of the blue solution of the alkali or alkaline earth metals
on graphite. If the metal is in excess a deep blue graphite compound with
the structure of stage 1 results. The strontium and barium compounds
are violet at low temperatures. After washing with liquid ammonia and
removal of the absorbed ammonia in a vacuum at 0°, the composition
corresponds approximately to the formula CisMe(INH3) 2. The potassium,
rubidium, and cesium compounds may also be obtained by treating CsMe
with liquid ammonia.

3CsK + 4NH3 - 2C]2K(NH3)2 + I{.

If the graphite is in excess, the ammonia solution is completely decolor-
ized and one obtains black or blue-black preparations which are less rich
in metal. At a ratio of about 1Me:28C only stage 2 occurs.

TABLE II

AMMONIATES OF ALKALI AND ALKALINE-EARTH COMPOUNDS

First stage Second stage
Composition I. (&) Composition I. (&)
Cro.s Li(NH3)1 6 6.6, Cas.s LINHs),.7 9.9
Cis.4« Na(NHg)s.o 6.6; Cae.7 Na(NHj), 5 9.9,
Ci2.s K(NH;)s 6.5 Cas.z K(NHy), s 9.9,
Cu.o Ro(NHz)2.0 6.5s — —
Cis.8 Cs(NHj)s 2 6.55 — —
Ciz2.1 Ca(NH,): » 6.6, Cas.s Ca(NHis)y 9.9
Cu,a Sl‘(NHx)z,4 6.3 ng,a SP(NH3)3,4 987
Cro.0 Ba(NH;), 5 6.3s Cas.;s Ba(NHy)s.0 9.7

In Table II analytical data are given for preparations which appear,
on X-ray examination, to be single substances. Deviations from the
ideal formulae may be caused by some phases occurring over a certain
range of composition. It is, however, clear from the data that on passing
from stage 1 to stage 2 the ratio Me:C decreases by more than half, as
in the case of the ammonia-free compounds. In stage 2 of the alkaline
earth metal compounds it seems that up to four molecules of ammonia
may be bound per metal atom.

All these compounds are exceedingly sensitive to air and moisture,
but they are no longer spontaneously inflammable as the alkali metal-
graphite eompounds are. They are decomposed by water with vigorous
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evolution of hydrogen and formation of metal hydroxide solutions. In
the absence of air the cesium, rubidium, and potassium compounds may
be kept unchanged for years in a sealed tube at room temperature, but
they decompose at elevated temperatures with evolution of hydrogen and
the formation of metal amide. The lithium and alkaline earth metal
compounds are much less stable and decompose even at ordinary tem-
peratures in the course of a few days.

By the simultaneous intercalation of the metal and ammonia the
graphite lattice is expanded more than for pure alkali metal-graphite
compounds. The distance between the carbon planes is 6.6 A for the
ammonia derivatives of all the alkali metals and of calcium: for those
of strontium and barium a value of 6.4 A has been found.

The approximately constant expansion of the graphite lattice, which
is practically independent of the size of the intercalated metal atom,
appears at first sight unusual for, in the ammonia-free compounds, the
distance between the layer planes increases, as expected, with increasing
size of the alkali metal atom from potassium to cesium. The constancy
of the expansion for the ammoniates is perhaps attributable to the effect
of the positions of the ammonia molecules in the lattice in determining
the increase in the interplanar distance. If this were so, metal atoms or
ions could perhaps find sufficient room in holes in the ammonia lattice.
In support of this view it may be added that the expansion becomes
greater if, in place of ammonia, a layer of amine such as methylamine or
ethylamine is intercalated.

In the deep blue first stage of the lithium-methylamine compound,
C,:Li(CH3NH.)., which may be prepared in the same way as the am-
monia compound, the distance between the carbon planes is 6.9 A. The
corresponding potassium compound, which contains only one molecule
of methylamine per atom of potassium and which is prepared by pro-
longed treatment of CgK with methylamine, has exactly the same inter-
planar distance. Graphite reacts with lithium and ethylene diamine to
form a stage 2 compound Cggli(en), in which the interplanar distance
has increased even to 8.5 A (64).

Tetramethyl- and tetraethyl-ammonium or -phosphonium can take
the place of an alkali metal (54). These compounds are formed at
graphite anodes on electrolyzing solutions of the corresponding salts in
Hquid ammonia. The tetraethyl ammonium compound is best prepared
by allowing the blue solution obtained by electrolysis of the azide in
liquid ammonia to react with finely powdered graphite. In this case
intercalation leads only to stage 2, as may be seen from the ratio
1(C,Hj) 4N :25C determined by analysis. Whereas the blue solution starts
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to decompose at —60°, the graphite compound may be kept unchanged
under liquid ammonia at —40° for several hours. Apparently ammonium
is also able to enter the graphite lattice. Dzurus and Hennig (14) have
electrolyzed solutions of ammonium nitrate in liquid ammonia with
carbon cathodes and have found that the resistance of the latter de-
creases. Similar results were obtained with solutions of methylamine
hydrochloride in methylamine.

5. Magnetic Properties of Alkali Metal-Graphite Compounds!

Unpublished measurements by Klemm and Abitz (44) have shown
that the compound CgK possesses a weak temperature-independent para-
magnetism (xmore = +9.7 X 10—%), which corresponds to the order of
magnitude of the paramagnetism of the electron gas in a metal. Ub-
belohde (48) found a somewhat higher value (xmoe = +16.2 X 10~%)
for the compound Cr.1sK and this was also independent of temperature.
Riidorff and Schulze (67) have made measurements on stages 1 to 5 of
the potassium and rubidium compounds. Surprisingly, the difference in
magnetic properties for the various stages was quite small. Down to
stage 5 all compounds are weakly paramagnetic. The values for stages
1 to 5 of potassium graphite at room temperature are: +10.0, +8.7,
+8.5, +5.7 and +4.0 (all X 10—%). Values for rubidium graphite were
between +5.0 X 10— (stage 1) and +3.7 X 10—® (stage 5). It is seen that
the paramagnetism of the alkali-poor stages is not made up additively
of the paramagnetism of stage 1 and the diamagnetism of pure graphite.
It follows that introduction of alkali metal atoms influences the special
state of the electrons in the graphite lattice which is responsible for the
anomalous diamagnetism of pure graphite, and that this effect extends
throughout the lattice even when the metal atoms occupy more widely
spaced planes, as in stage 5.

Measurements made in the author’s laboratory by W. Sprissler on
stage 1 of the ammoniates of potassium and rubidium graphite and on
stage 1 of the lithium-methylamine compound gave susceptibilities of the
same order of magnitude as those of pure alkali metal-graphite com-
pounds. Values of the susceptibilities, corrected for the diamagnetism of
ammonia or methylamine, are: Cy39K(NHjg)2, +5.68; Ci32Rb(NHjg) 1.,
+8.0; Ci2.0Li(CHsNH;) .9, +8.35 (all X 10—%). The approximately equal
values for paramagnetism of the alkali metal-graphite compounds and
their ammoniates leads to the conclusion that their constitutions are
similar.

t All susceptibility values given in this section refer to 1 gm-atom of carbon.
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6. Bonding in the Alkali Metal-Graphite Compounds

These may be considered as intermetallic compounds. However, they
possess a certain polar character, as Zintl (90) has shown to'be always
the case for intermetallic compounds between a noble and a very base
metal. The alkali metals are base and show a transition in favor of cation
formation whereas for graphite, which ranks as a noble metal, the transi-
tion is to an anion: in other words, the bond has a limiting structure
Me+ Graphite—.

The stereochemical interpretation? of the alkali-graphite compounds
may also be explained in this way (57). If the volume of graphite is
deducted from the molecular value of the compound CgMe, the alkali
metal increments shown in Table III, column 2, are obtained. Compari-

TABLE III

COMPARISON OF SPACE INCREMENTS OF THE ALKAL! METALS IN THE
ALKALI-GRAPHITE COMroUNCs WITH ATOMIC AND loNic VOLUMES

Increment of

alkali metal in Atomic volume Ionic volume
the graphite Me in Me*
Compound compourds metals in salts
GK 25.7 43.4 16
CsRb 30.3 53.1 20
CsCs 33.6 66.0 26

sons with the corresponding atom and ion volumes show that the incre-
ments approximate to the values for the Me* ions, as they are found in
salts. Formation of the compound CgMe is therefore associated with an
appreciable contraction which is greatest for cesium, probably because
in that case the polar character is most pronounced.

Ubbelohde and his co-workers® have made an experimental contribu-

?The alkali increments were first calculated by K. Meisel (see ref. 4), but the
incorrect formula CisMe was used for stage 2. The values can, however, as is done
here, be referred to only the first stage, CsMe, since the alkali atoms in stage 2 are
less densely packed. Meisel comes to almost the same values as are given here
because he assumed the same density of occupation of the alkali layers.

* Ubbelohde puts forward the view that in CK a “pseudometallic” bond is present
between the potassium atoms and certain carbon atoms. He uses as a basis the
strueture proposed by Schleede and Wellmann. On the new strueture localized K—C
bonds are very unlikely. The distance of the carbon planes is erroneously given in
this work as 7.76 A instead of 541 A. Arguments on the nature of the bonding, based
on the higher value, are therefore weakened.
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tion to the question of the bonding in these compounds by measuring the
electrical conductivity of potassium graphite of various compositions
(48). The values in Table IV, which were obtained with polycrystalline
material at a pressure of 20 kg/cm?, are taken fraom Ubbelohde’s work.
The intake of potassium thus brings about a considerable increase in the

TABLE IV

ELeEcTtrIcAL Conpucrtivity oF PorassiuM GRAPHITE

Conductance (ohm™! cm™?)

Composition 90°K 298°K
Kish 110 128
Graphite 26.5 35.2
KCs.es 1302 980
KCizs 1073 870
KCy s - 565

conductivity. The temperature coefficient of conductivity is also nega-
tive, as it is for a true metal. This signifies that the alkali metals give
up electrons to the conduction band of graphite, thus increasing the
number of charge carriers.

The polar character of the alkali-graphite compounds also' explains
readily why the regular sequence of Me and C layers is maintained, even
in the alkali-poor stage, for the electropositive alkali layers will always
tend, because of mutual repulsion, to distribute themselves as uniformly
as possible over the whole graphite lattice.

Similar bonding relationships should also exist in the ammoniates
and amine derivatives of the alkali graphite compounds. This is indi-
cated by Hennig’s discovery (14), which has already been mentioned,
that the conductivity of carbon electrodes increases in the electrolysis of
ammonium salts in liquid ammonia. Moreover, the ammoniates have
practically the same temperature-independent paramagnpetism as the
ammonia-free alkali graphite compounds (see Section IITA5). It remains,
however, to be explained why sodium and the alkaline earth metals,
which are taken up very incompletely or not at all in the molten or
vapor state, react as readily as do potassium, rubidium, and cesium
if the metals are dissolved in liquid ammonia. This is certainly related
to the fact that the state of all these metals in the blue solutions is very
similar. They are extensively or completely ionized, while the dissociated
electrons are loosely bound in solvate complexes. Uptake of electrons by
graphite and the associated absorption of the metal can oceur much more
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readily from these solutions than in a reaction with the metals in the
fused or vaporized state. In the latter case the ionization energy of the
metal is involved (48, 29) and this increases from cesium to lithium
and the alkaline earth metals. The ammonia molecules taken up with
the metal in stoichiometric proportions presumably form complexes and
stabilize the interstitial compound. It is relevant in this connection to
think of Zintl’s polyanionic compounds, such as Na,Pby and others (91),
which are stable only in the form of ammoniates and decompose when
the ammonia is removed.

The decrease in stability of the ammoniates from cesium to lithium
and the alkaline earth compounds does, however, make it less probable
that in these compounds a true ionic bond, corresponding with the for-
mula C;o~K+ - 2NH,, is present. If this were so the stability of the
ammonia complex would increase with decreasing radius and increasing
charge, as it does for a saltlike compound. For the ammoniates, there-
fore, the ionic formula represents only a limiting case.

B. GRAPHITE SALTS

In the presence of concentrated acids, graphite may be oxidized by
strong oxidizing agents or by anodic oxidation to the so-called graphite
salts (22, 83). In these compounds, according to Hofmann et al. (22, 60,
58, 68), anions such as HSO4~, NO3—, ClO4~, HF;—~, and CF;COO~—
are incorporated in the graphite lattice together with molecules of acid.
The separate graphite salts may be transformed reversibly into one
another by treatment with other concentrated acids. Thus, the bisulfate
may be produced from the nitrate by treatment with concentrated sul-
furic acid, and this in turn made into the perchlorate with perchloric
acid (60). These changes may also be reversed.

The name “graphite salt” is justified by the fact that in the produc-
tion of these compounds graphite behaves as a true metal. The oxidizing
agent takes electrons from the graphite, leaving the carbon layers posi-
tively charged and able to bind anions,

Graphite + -1-;() + nH:SO4 — Graphiter (HSO,)» + gHzO.

Oxidation and the associated incorporation of the anions occurs step-
wise, The first stage for the bisulfate, which is deep blue in color, like
the first stage of all other graphite salts (“blue graphite”) (5, 78) has
the approximate composition Cpy+HSO,~ - 2H,S04. Each anion takes
two molecules of acid with it into the lattice. With this relationship a
close and regular packing of anions and acid molecules is obtained which
fits the hexagonal network of carbon atoms well (60, 55).

The second, third, and following stages, which are no longer blue but
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black, result on incomplete oxidation or by reduction of the first stage.
In stages 2 and 3 the ratios anion:C atoms are 1:54 and 1:81, respec-
tively, from which it follows that the anion net in the second and fol-
lowing stages is less dense than in the first stage (compare the similar
relationships for the alkali graphite compounds in Section IIIA).

The stage to which the graphite is oxidized in the presence of a par-
ticular acid depends not only on the strength and quantity of the oxi-
dizing agent but also on the acid concentration. As an example of the
influence of acid concentration it may be mentioned that in 83% sulfuric
acid and with excess of oxidizing agent, the formation of the first stage
of the bisulfate does not occur and only the second stage is obtained.
In 63% sulfuric acid oxidation goes to the third stage and at concentra-
tions below 50% uptake of bisulfate can no longer be detected by X-ray
examination.

The nature of the acid is also important. With sulfurie, nitric, per-
chlorie, and selenic acids the corresponding first stage is readily obtained.
Phosphoric and arsenic acids lead only to stages corresponding to a low
degree of oxidation and organic acids such as acetic acid give no graphite
salts. The incidence of reaction is apparently related to the strength or
self-dissociation of the acid. This is especially well seen by comparing
the behavior of graphite anodes on electrolyzing concentrated or anhy-
drous acetic, dichloroacetic, trichloroacetic, and trifluoroacetic acids.
Unlike acetic acid, the halogenated acids attack graphite increasingly
in the order given above, which corresponds to that of increasing acid
strengths. In trifiluoroacetic acid and also in the strongly acidic boron
trifluoride-diacetic acid compound graphite electrodes swell so much as
a result of graphite salt formation that they disintegrate in a short
time (68).

Graphite salts are instantly decomposed by water and by polar or-
ganic solvents. Consequently the isolation of these compounds is ex-
traordinarily difficult and attempts to remove adhering acid by washing
with other liquids almost always leads to decomposition of the graphite
compound. They may be reduced to graphite under certain conditions
by such reducing agents as ferrous or stannous salts or by cathodic re-
duction, and these reactions may be used in evaluating the degree of
oxidation.

TABLE V

DIsTANCE, (11) BETWEEN CARBON PLANES IN FIRST-STAGE GRAPHITE SALTS

NOs~ Clo« HS0,~ HF.~ CF;C0O0- H8eO4~

7.85 7.95 7.99 8.06 8.19 8.26
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The graphite salts were the first case in which the stepwise uptake
and the associated change of the graphite lattice was followed exactly
by X-ray methods up to the fifth stage {(55). Discussion of details may
be dispensed with as the structure, including the arrangement of the
carbon planes, is the same as in the alkali metal-graphite compounds. A
picture of the graphite salt structure may be obtained from Fig. 8 by
replacing the alkali metal layers by anion and acid layers. The distance
between the carbon layers when acid layers are incorpprated in the lat-
tice is naturally greater than with alkali layers. It amounts to about
8 &A. From the values given in Table V it may be deduced that the degree
of lattice expansion increases somewhat with the size of the acid residue
from nitrate to biselenate.

The regular distribution of the anionic layers and the diséontinuous
transition from one stage to another, which is associated with a com-
pletely new distribution of the anion layers in the lattice, as well as the
ready anion exchange, may be explained readily in terms of the ionic
character of the compound. Finally, this ionic structure may be recog-
nized most clearly from the fact that the transformation of graphite
into a graphite salt may be carried out reversibly by electrochemical
means. The emf of the first stage of the bisulfate has been determined
as 0.6 volt against graphite and 0.49 volt against a platinum-hydrogen
electrode (60).

The work of Hennig (27) on the change of electrical properties of
graphite on forming graphite bisulfate is consistent with the constitution
of graphite salts. It must be mentioned at the outset that the investiga-
tion was limited to compounds with a very low degree of oxidation (the
maximum was 4 meq/gm-atom of C as opposed to 47 meq/gm-atom in
stage 1). The bisulfate compounds were prepared by anodic oxidation
in concentrated sulfuric acid. Resistance measurements during the oxi-
dation showed that a decrease of resistance of the graphite was asso-
ciated with the uptake of bisulfate ions. The Hall coefficient also acquires
a positive sign.

These results may be interpreted on the basis of the band model for
graphite (49, 88). Because of the loss of electrons during the oxidation,
“holes” are produced in the lower almost completely occupied band of
graphite and as a result the number of charge carriers increases. Since
this oceurs predominantly in the lower band, the Hall constant is posi-
tive. Graphite bisulfate is thus a conductor of the p-type.

When the bisulfate compound is reduced cathodically, the conduc-
tivity sinks once more, though the initial value for the graphite taken
is not reached again. When about two-thirds of the compound is reduced,
the conductivity does not change further even when further current is
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passed. Hennig concluded from this that reduction was not completely
reversible and explained this by the occurrence of stable “residue com-
pounds” (compare Section IV).

C. HALoGEN-GRAPHITE COMPOUNDS

The halogens show characteristic differences in their behavior to-
wards graphite. Investigations up to the present have failed to show a
reaction of iodine with graphite. Bromine and chlorine give unstable
graphite compounds with the limiting composition CeX, which are stable
only under the saturation pressure of the halogen. On the other hand
fluorine forms the two compounds CF and CF which are very
inert chemically and are homopolar in character. Iodine monochloride
behaves towards graphite similarly to bromine.

1. Graphite Bromide

Graphite bromide is formed by the action on graphite of gaseous or
liquid bromine or of bromine dissolved in organic solvents. About 0.8 gm
of bromine per gram of graphite is taken up from an atmosphere satu-
rated with bromine vapor at room temperature, corresponding with an
atomic ratio of 1Br:8C (21, 566). This value, which is calculated from
the weight increase, is found for natural graphites of very different par-
ticle size and has been verified by Hérold (31) from tensimetric meas-
urements. The same author finds the somewhat lower value of 1Br:10C
for Acheson graphite.

The bromine which has been taken up is for the most part rapidly
given up on diminishing the external pressure of bromine vapor. How-
ever, a residue, which can amount to 3-10% according to the crystal size
of the graphite and the rate of decomposition, remains behind in the
graphite. Even at a red heat it is not possible to get graphite completely
free of bromine. These bromine-poor products, which are called “residue
compounds,” have been more closely investigated by Hennig (28) (com-
pare Section 1V).

From X-ray investigations, pyknometric measurements under liquid
bromine, and from ‘microscopic measurements of the volume increase of
graphite crystals it is found that, for the composition CsBr (or Ci¢Br2)
alternate interplanar spacings of the graphite lattice are.widened to
7.05 A by the entry of bromine. Intensity calculations for the (00l) in-
terferences agree best with the assumption that the bromine forms a
layer between two carbon layers (56). In addition to this second stage
there probably exists a third stage poorer in bromine (89, 31).

The constitution of graphite bromide has been discussed many times.
An indication of a partly ionic structure is derived from the fact that
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the spacing of the carbon planes (7.05 A) is greater than the sum of the
effective cross section of a graphite and a bromine layer. In accordance
with this one obtains in a calculation of the spatial requirement of bro-
mine too high a value (23.5), which approximates to the value for
bromide ions in salts (25.0) and is considerably above the atomic volume
of bromine (19.2).

Magnetic measurements have not made any substantial contribution
to the question of the bonding of bromine. A weak diamagnetism has
been found by several authors (41, 23, 48, 30). Ubbelohde finds for
Cs.98BT, xgm = —0.40 X 10~8. Tt follows from all the measurements that
the anomalous diamagnetism of graphite is lowered by the uptake of
bromine and is almost lost at high bromine concentrations.

Conductivity measurements carried out on preparations with high
and low bromine contents show that the conductivity of graphite in-
creases considerably with the incorporation of bromine (48, 28). Hennig
(28) finds that the Hall constants of graphite bromide and bisulfate,
after treating the graphite so as to produce the same fractional decrease
in the resistance, are approximately of the same magnitude and he con-
cludes that the two compounds are very similar in constitution. ¥rom
these measurements Hennig calculates the relationship of the ionized to
the un-ionized fraction in graphite bromide as 1Br— to 3Brz. The ideal
formula of stage two is then CgetBr— - 3Brs. According to this view the
compound is a graphite bromide and belongs to the saltlike graphite
compounds. It is, however, characteristic of these that they may be
changed reversibly into one another by ion exchange. One would there-
fore expect that, under concentrated sulfuric acid, graphite would be
transformed into the second stage of the bisulfate. This reaction does
not, however, occur at room temperature even after weeks. The bisulfate
is first formed at 80-100°C and then only the third stage results with a
ratio 1HSO,—:81C. It thus appears that there are certain differences
between graphite bromide and graphite bisulfate.

Graphite bromide is of interest in relation to the carbon-catalyzed
formation of hydrogen bromide from the elements. This synthesis occurs
without a catalyst as a homogeneous reaction at 500° but has a meas-
urable rate at 120° if carbon is used as a catalyst. It is not very likely
that under the reaction conditions (higher temperature, low partial pres-
sure of bromine) bromine molecules can be introduced between the car-
bon planes. A much more likely assumption is that bromine is absorbed
on the basal faces of the graphite crystals and is bound there in the
same way as it is bound between the planes in graphite bromide. This
view is supported by measurements of the catalytic behavior of graphitc
oxide soot in the synthesis of hydrogen bromide (75). This soot, the
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surface of which is predominantly made up of basal faces (compare
Section IIA1), shows so high a catalytic activity that it seems impos-
sible to attribute this effect. to the small surface of the prismatic faces.
The activation of halogens by carbon may probably be thought of
in the same way as the activation of molecular oxygen by semiconduc-
tors (see summaries under refs. 16, 26). According to this view, chemi-
sorption of bromine on the basal faces of the graphite crystal is linked
with an electron displacement or transfer of the free electrons of the
graphite to bromine. We may then expect that when the electron con-
centration in the carbon planes is lowered, as it is by the incorporation
of metallic halides (see Section IIID3), the catalytic properties of the
graphite will deteriorate. This has been fully substantiated in the au-
thor’s laboratory by a comparison of the rate of formation of hydrogen
bromide with graphite or indium trichloride-graphite as catalyst.

2. Graphite Chloride

Whereas graphite bromide has been known for a long time, the lower
rate of reaction of chlorine with graphite delayed the discovery of
graphite chloride, the existence of which has been proved only recently.
In the course of an investigation of the conductivity of graphite under
liquid chlorine at —33° Hennig (28) observed that the resistance de-
creaged in the course of three days to one-tenth of its initial value. He
concluded that chlorine, like bromine, is able to enter the graphite lattice.
Juza and Schmidt (42, 40) came to the same conclusion when, in study-
ing the sorption of chlorine and bromine on active carbon, they noticed
a fall in the anomalous diamagnetism of the carbon. Juza and his co-
workers (43, 39), in a detailed investigation, used the change of sus-
ceptibility as a criterion for interstitial compound formation. The rate
of reaction between chlorine and graphite proved to be very dependent
on particle size. With particles of diameter 0.5-1 mm at —78° the anoma-
lous diamagnetism disappeared in about 500 days whereas, for a diame-
ter of 0.03 mm, it did so in about 100 days. The rate of entry of chlorine
into the graphite lattice increased with rising temperature and was a
maximum at —12° At 0° and above a reaction could no longer be de-
tected by the magnetic method.

In order to determine the composition of the saturated graphite chlo-
ride a susceptibility-concentration diagram was drawn, from which it
was found that 0.10-0.136 gm-atoms of chlorine per gram atom of car-
bon sufficed to destroy the anomalous. diamagnetism completely. These
values are consistent with the formula CgCl, which is analogous to the
formula of graphite bromide. Isobaric degradation of the graphite chlo-
ride at low temperatures yields results which also support this formula.
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Graphite chloride prepared at low temperatures is stable at 0°, above
which temperature it decomposes, even under the saturation pressure of
chlorine. Juza refers to the fact that graphite bromide also decomposes
at increased temperatures under the saturation pressure of bromine.

Uptake of chlorine may be substantially increased if the decomposi-
tion product of graphite bromide, i.e., the residue compound, is used in
place of pure graphite, and the amount of chloride absorbed rises with
the bromine content of the graphite. On thermal decomposition, speci-
mens which contain bromine retain more chlorine than does bromine-free
graphite. An increased uptake of chlorine may also be obtained by using
graphite made by decomposing the bisulfate in the presence of hydrogen
chloride. Summarizing, it may be said that the behavior of chlorine and
bromine is similar. The reaction rate is lower for chlorine, which must
be related to the fact that the chloride is stable only at much lower
temperatures.

3. Iodine and Graphite

No change in the conductivity or susceptibility of graphite can be
observed when it is allowed to react with iodine at —78° to 183° (28, 39).
Hérold (31) was also unable to detect any reaction up to 500°. On the
other hand Juza (39), using graphite containing bromine, observed a
pronounced lowering of the susceptibility. The amount of iodine was
about three times as great as the bromine content of the graphite so that
it could not have been taken up only as iodine monobromide.

4. Iodine Monochloride and Graphite

Absorption of iodine monochloride by graphite has been detected
both by the conductivity change and from X-ray observations (28).
Riidorff and Sils (73) found that graphite increases in weight by about
250% in iodine monochloride vapor at 30°, while in single crystals satu-
rated with the monochloride there was more than a threefold increase
in volume. The identity period, I., was calculated to be 21.2 A and em-
braced two carbon planes. It was not, however, clear if a first or second
stage was present. Croft (11a) found that in the reaction of iodine tri-
chloride with graphite, the product prepared at 90° swells when heated
strongly. After washing with hydrochloric acid it retains 30% of tri-
chloride.

D. INTERCALATION OF METAL CHLORIDES IN (GRAPHITE

1. Preparation and Properties

These compounds, which have become known in large numbers only
in recent years, form a specially interesting class of graphite compounds
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because of problems associated with their constitution. Their investiga-
tion probably cannot yet be regarded as complete, for a number of ex-
perimental observations still await an explanation. The compounds result
when graphite is heated with the anhydrous metal chloride. The inter-
calated chloride is given off again at a sufficiently high temperature. Up
to the present only metal chlorides have been observed to form these
compounds, but compounds with other halides should also be formed.

The first compound of this sort was ferric chloride graphite (21, 84).
Riidorff and Schulz (65) obtained from graphite and ferric chloride
at 200-300° a stage 1 compound with 60-70% of ferric chloride. In this
compound separate layers of ferric chloride, as they occur in the lattice
of the pure FeCls, were intercalated between the carbon planes, which
were unchanged, though the distance between them was increased to
94 A,

In attempts to separate ferric chloride and aluminum chloride by
intercalation in graphite, Croft (10) found that aluminum chloride
could be intercalated either -alone or together with ferric chloride. Fur-
ther work (11, 11a) led to the surprising result that numerous metal
chlorides are able to react with graphite. The compounds studied are set
out in Table VI, which is taken from Croft’s work. It includes thirty

TABLE VI

SuMMARY oF INTERCALATION TEstT REsurrs (Crorr, 11a)

Substances intercalated Substances not intercalated
in graphite in graphite

CuCl, TaCls RhCl, CuCl SiCl, AsCl,y PdCl.
CuBr, FeCl, PdCl, BeCle GeCl, SbCl, PtCl,
AuCl; CrCl; PtCl MgCl, TiCl, BiCl, LaCl:
BCl, Cr0:Cl. ICl CaCl: SnCl. VYCL CeCl;
AlCl, CrO,F, ICl, BaCl, SnCl, $0.Cl; PrCls
AlBr; MoCl; YCl, ZnCl, PbCl, SOCl, NdCl:
GaCls WCl, SmCl, CdCl, PbClL, Se0Cl, ErCls
IIlCl: UCL Gdcla CdIg ThCLl TeCLl ScCl;
TICl; UVO.Cl, YbCl, Hg.Cl, ThI, MnCl,
ZrCL, ReC)y DyCl, HgCl, PCl; CoCl,
HfCl, CoCl, EuCl, CCl, PCl, NiCl,
SbCl.—, RuCl;

chlorides and two oxychlorides for which intercalation was detected.

In general, reactions were carried out at temperatures near to the
melting or sublimation point of the particular halide. After heating the
graphite and halide together for several hours, the graphite was washed
with hydrochloric acid to remove excess halide. Intercalation was rec-
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ognized in most cases by swelling of the graphite when it was heated
rapidly to 700°. The quantity of halide taken up was determined by
evaporating to fuming with concentrated sulfuric acid and weighing the
residue after burning off the graphite. Alternatively, readily volatile
halides were determined. by thermal decomposition of the graphite com-
pound. The results are scattered over a wide range of compositions. Thus
Croft finds for CuCly, 4% for AICl; and MoCls, 25%; for TaCls, 44%;
and for TICl;, 70%. Two things are noteworthy in Croft’s work: first,
intercalation is not restricted to readily volatile chlorides of low melting
point and, second, cobalt trichloride and palladium tetrachloride, which
do not exist in the free state, are stabilized by intercalation.*

Croft refers to the use of the different behavior of metal chlorides
towards graphite as a means for effecting their separation. Experiments
of this sort have been made by Vickery and Campbell (87) for the rare-
earth halides. Croft’s results on the reactivity of the halides are not
fully borne out. In an independent study of the action of aluminum chlo-
ride on graphite it was found that intercalation occurs only if free chlo-
rine i8 present during reaction. This condition appears to have been
satisfied in Croft’s experiments, since the halides were prepared by
chlorinating the metal and were sublimed- directly onto the graphite.
Riidorff and Zeller (70) were able, by carefully subliming off the excess
halide, to prepare homogeneous aluminum chloride-graphite preparations
corresponding to stages 1, 2, and 4, among which stage 1, with 52-55%
AlCI3 (1AIC);3:9C) was remarkable because of its deep blue color. The
same color was shown by stage 1 of the gallium chloride graphite with
60% of GaCls. On the other hand, only the second stage for indium
trichloride could be prepared, with 53% InCly (61). These two halides
also react only in the presence of free chlorine. The same observation
was made in the reaction of graphite with uranium pentachloride, cad-
mium chloride, and mercuric chloride. The last two examples show that
chlorides for which Croft’s experiments gave negative results are able
to become intercalated if the reaction is carried out in a chlorine at-
mosphere.

According to Dzurus and Hennig (15) the free chlorine necessary for
the occurrence of reaction between graphite and aluminum trichloride
does not act catalytically, as Riidorff and Zeller first assumed, but is
partly taken up in the lattice. Riidorff and Landel (61) found this to be
true of the gallium trichloride-graphite compound also. For both com-
pounds the ratio Me:Cl is between 1:3.2 and 1:3.4 and the compounds
therefore oxidize potassium iodide solution and cause iodine to separate.

*These intercalation compounds were obtained by prolonged heating of graphite
with the lower chlorides CoCl: or PACl: in a stream of chlorine.
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By contrast the quantity of “active” halogen is extremely small for the
compounds of graphite with indium chloride, mercuric chloride, and
cadmium chloride, and lies at the limit of analytical detection.

The compounds show striking differences in their behavior to water,
acids, and organic solvents. Whereas the blue aluminum chloride- and
gallium chloride-graphite compounds are extremely sensitive to water
and are largely decomposed by it, it seems that indium chloride- and
ferric chloride-graphite are stable for, even after boiling with concen-
trated hydrochloric acid, one finds high values for the halogen content
(InCls, 50%; FeCls, 55%). New investigations by Riidorff and Landel
show, however, that these compounds are also decomposed by water
and organic solvents. This follows unambiguously from the dependence
of the MeCl; content on the size of the graphite crystals, the nature of the
solvent, density determinations, and X-ray investigations. Probably all
metal halide-graphite compounds, as well as the other polar graphite
compounds, are decomposed by water, though there are great differences
in the extent of decomposition for the separate compounds.’

These differences may be explained as follows: the solvent undoubt-
edly attacks the edges of the layer planes of the graphite crystal. When
the halide is leached out from the edge, the ¢ interplanar distance of
about 9.4 & can no longer be maintained in this region. Before the sol-
vent can penetrate further into the crystal or the halide can diffuse from
the interior, the interplanar distance at the crystal edges reverts to about
the value in graphite itself. Leached preparations are thus not homo-
geneous, but the crystal consists of a nucleus of undecomposed com-
pound which is protected from further decomposition by a more or less
thick skin of graphite. Analysis shows that the smaller the erystals, the
greater the weight of the halide-free zone. The more rapidly the leaching
agent acts (e.g., water > acetone) the more extensively does decomposi-
tion penetrate into the crystal.

There is only a difference in degree between graphite compounds of
aluminum trichloride or gallium trichloride on the one hand and indium
trichloride or ferric chloride on the other as regards their behavior in
water; for the first two, the rate of decomposition of the graphite com-
pound, or the mobility of the halide within the erystal, is so big that,
for sufficiently small crystals, decomposition extends over the whole
crystal. The lack of homogeneity in leached ferric chloride-graphite
prepsrations has also been detected by Cowley and Ibers (9) by X-ray
and electron diffraction. It was found that a preparation containing

® Croft’s analytical results therefore probably are not valid for the composition of
the pure compounds, since all samples were treated with hydrochloric acid before
analysis.
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55% of ferric chloride contained 18% of graphite and 82% of a ferric
chloride-graphite compound with 66.9% of the halide.®

2. Structure

An exact structure determination has up to the present been made
only for ferric chloride-graphite (9). The separate ferric chloride layers,
which lie between two carbon layers, are only 92% occupied. The ar-
rangement of the ferric ions and their distance from one another is the
same as in ferric chloride, the hexagonal a axis of the network of ferric
ions forming an angle of 30° with the a axis of the graphite. The ar-
rangement of chloride ions and their distances, on the other hand, are
different from those in free ferric chloride. They have preferred sites,
which reveals a certain relationship to the carbon atoms of the neigh-
boring graphite layers. In indium trichloride graphite certain additional
lines in the powder diagram indicate that the trichloride is also inter-
calated as layers with almost the same In-In distance as in free indium
trichloride. From the composition an approximately 80% occupation of
the indium trichloride layers is deduced (67).

For other compounds only the lattice expansion has hitherto been
determined by the X-ray method by calculating the identity period
from the (00l) reflections. The distance apart of the carbon planes is
approximately the same for the various halides and equal to 9.5 A.

3. Bonding in the Metal Halide-Graphite Compounds

The bonding has been discussed in detail by Croft (11b) and Dzurus
and Hennig (15). These authors concluded that the compounds were
ionic. Croft supported this view by considering the differences which he
found in the reactivity of the halides. He points out that, except for
elements of Group IIIA, the intercalated compounds belong to the transi-
tion elements, and that, for polyvalent elements, only the chloride of the
higher oxidation state is intercalated. Thus cupric and ferric chlorides
react whereas cuprous and ferrous chlorides do not. Intercalation occurs
only when two criteria are satisfied: it must be possible to transfer elec-
trons to the cation from the conduction band of the graphite, and the
cation must have a correspondingly high electron affinity. Croft considers
the presence of unoccupied orbitals in the cation to be necessary. For
aluminum chloride-graphite and the homologous compounds in which
the cation cannot change its charge, free valency orbitals of the cation

*The lack of homogeneity was attributed by the authors to decomposition of the
ferric chloride-graphite compound formed initially into graphite and a phase richer
in ferric chloride as it cooled.
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are occupied by electrons from the 2p =-orbitals of graphite, when a
bond like that in “outer orbital” complexes is thought to result.

Dzurus and Hennig have put forward a modified and more detailed
theory. Measurements of the electrical conductivity and Hall effect on
halide-poor FeCls-graphite and AlCls-graphite compounds with a ratio
1MeCl;3:200-500 C atoms show that these substances belong to the ac-
ceptor or p-type compounds. Since the changes in electrical properties
are the same as in graphite bisulfate and graphite bromide, Dzurus and,
Hennig conclude that the metal halide compounds are similarly consti-
tuted and adopt such formulae as, for example, C,+Cl~ - FeCl, - 3FeCl;
for ferric chloride-graphite, Only a quarter of the ferric ions are thought
to act as electron acceptors. Earlier magnetic measurements made on
ferric chloride graphite (65) are consistent with this view. For other
metal halides capable of existing in several oxidation states, correspond-
ing formulae were proposed. Calculations of free energy made on Hen-
nig’s electrostatic model (29) give the differences in reactivity of the
separate halides in roughly the correct order.

In the case of aluminum chloride-graphite the halogen which is si-
multaneously intercalated in the lattice acts as an acceptor: C,,+Cl— -
3AICl;. Strong support for this view comes from the fact that the
quantity of aluminum chloride intercalated is proportional to the con-
centration of acceptor. In this the acceptor may be—in addition to
chlorine—bromine, iodine, or a halide of one of the transition elements.
Thus aluminum chloride is intercalated in the absence of free halogen
if ferric chloride is added as acceptor. For very low concentrations the
ratio of intercalated aluminum chloride to ferric chloride lies between
2 and 3, so that the formula C,,tCl— - FeCl; - 3AICl; suggests itself for
this compound. Whether, and to what extent, this view still remains to
be amended can be shown only by further experiments. Magnetic meas-
urements on suitable compounds might be particularly revealing,

E. OraEr INTERcALATION COMPOUNDS

In the view of the constitution of metal chloride-graphite compounds
put forward by Croft and Hennig (see Section IIID), the controlling
factor in intercalation is the electron affinity and electron configuration
of the cation, while the nature of the anion is of secondary significance.
Croft considers this theory to be supported by the fact that oxides and
sulfides of polyvalent elements in higher oxidation states are also able
to react with graphite (compare ref. 72). In a further publication, Croft
(13) generalizes the information gdined on graphite compounds and
comes to the conclusion that other crystal lattices, and particularly layer
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lattices, should be able to take up suitable compounds, provided an
electronic interaction can occur between the host lattice and the inter-
calated partner, and that the host lattice has room to take up the latter.
Croft has attempted to verify this prediction experimentally in the case
of boron nitride, which is discussed in a later section.

1. Intercalation of Metal Oxides and Sulfides in Graphite (12)

The investigation embraces the oxides SboO4, CrOs, and MoO; and
the sulfides Sb2S5, Tlgs, CuS,, FGS2, Crzsa, Vst, MOSz, WSz, and PdS.
The compounds were heated in quartz ampoules with graphite in molecu-
lar ratios between 1:1 and 2:1. The temperatures were between 200°
(T1:S or CrO3) and 570°C (WS.). In reactions with the sulfides, free
sulfur was also added. Reaction products from sulfides were extracted
with carbon disulfide to remove free sulfur, separated from finely di-
vided metal sulfide which had not reacted by sieving and sorting under
the microscope, and washed with nitric acid. Excess of molybdenum or
chromium trioxide could be removed by sublimation or by washing with
acid.

Analysis gave the values in Table VII for the oxide or sulfide con-
tained in the graphite. Croft left open the question as to whether the
quantities found represented the greatest possible amounts which could

TABLE VII

PERCENTAGE OF OXIDE OR SULFIDE IN GRAPHITE

Oxide Percentage Sulfide Percentage Sulfide Percentage
szo‘ 1.6 Snga.g 9.4 CI‘zSa.s 4.0
CrO; 55.0 TIS. 27.0 VoS5 3.7
MOO;( 1075 CUS1,3 16.2 WSQ,4 14.1
FeS, 12.2 Pds, ., 8.8

be intercalated. Some of these products showed properties similar to
those which are characteristic of the metal chloride compounds, e.g.,
swelling when strongly heated. It was possible to sublime out inter-
calated molybdenum trioxide unchanged by heating the graphite com-
pound. The iron sulfide and copper sulfide compounds decomposed when
treated with dilute acids. X-ray powder photographs for the sulfidic
products were very complicated but were different from those of the
lower sulfides. Interplanar distances of 11-12 A were measured for the
compounds of the oxides with graphite. Croft interprets these experi-
ments as showing that metals whose chlorides are intercalated in graphite
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are also able to react as oxides or sulfides provided the metal is in a high
oxidation state.

2. Molecular Compounds of Boron Nitride

The crystal structure of boron nitride resembles that of graphite.
The boron and nitrogen atoms form plane regular hexagonal nets which
are arranged parallel to one another at a distance of 3.33 A. An essen-
tial difference between graphite and boron nitride is that in the latter
there are no free electrons. Pure boron nitride is white and does not
conduct electricity.

The similarity of the two structures led Croft (13) to attempt the
preparation of boron nitride intercalation compounds. He used the metal
halides SbCls, SbCls;, AsCls, CuCl, CuCl;, FeCl;, AlCl;, and also BFy,
BCl,, Bry, IC], liquid ammonia, and N;H,. The same procedure was
used as in the preparation of metal chloride-graphite compounds.

Croft concluded from the weight increase of the boron nitride as well
as from analysis of the products after washing with dilute hydrochloric
acid that, of the compounds studied, SbCls, AsCls, CuCl, FeCls, AlICl;,
and N H, were intercalated in boron nitride in amounts between 2%
(SbCl; and N,H,) and 13% (AICl;). As in the case of graphite com-
pounds, these products swell considerably when heated. The photographs
published by Croft are very striking. They show that boron nitride single
crystals containing 2% of hydrazine swell similarly to ferric chloride
graphite containing 56% of ferric chloride,

Croft explains the results in terms of the acceptor property of the
boron atoms. They tend to take an electron pair from a donor molecule
to form sp® bonds. This is why only halides in lower oxidation states
react with boron nitride (e.g., CuCl and SbCl; but not CuCl; or SbCl;).
This is different from the case of graphite in which the carbon planes
are a source of electrons. The intercalation of aluminum and ferric
chlorides is attributed by Croft to bonding by the electron pairs of the
nitrogen atoms of boron nitride. It is surprising, however, that boron
trifluoride and trichloride, which are particularly good electron accep-
tors, appear unable to become intercalated.

A closer investigation and characterization of these interesting reac-
tion products seems called for, since some of Croft’s results are contrary
to investigations made in the author's laboratory on the behavior toward
boron nitride of FeCls, CoCle, NiCl;, NiBrs, AICl;, and other com-
pounds (69). No change in the boron nitride could be observed and, espe-
cially, there was no expansion of the boron nitride lattice, which would
be expected as the result of intercalation. An explanation for the dis-
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crepancy can probably be sought only in a difference between the start-
ing materials. In the experiments made in the Tiibingen laboratory, two
pure white finely divided preparations were available which had been
prepared in different ways at 800°, Determinations of boron and nitro-
gen gave 98-99% of BN. The specimens used by Croft were obtained
from an amorphous product by heating to 2000°. He described the crys-
talline and partly laminar product as black and lustrous. This description
is not, however, consistent with the properties of boron nitride, so that
Croft’s results probably do not refer to the pure compound.

IV. Residve Compounds

Analytical investigations of graphite compounds have repeatedly
shown that when the pure compound is decomposed or reduced, a small
proportion of the intercalated substance is obstinately held in the lattice,
and is often recovered only after complete destruction of the graphite.
According to Hennig (27) decomposition always leads to “residue com-
pounds” which differ from the actual graphite compounds in various
properties, e.g., conductivity and Hall effect. Residue compounds may
be reconverted into the same lamellar compounds from which they were
produced. The residue compounds from graphite bisulfate and graphite
bromide have been studied in detail (27, 27qa, 28, 44a, 50).

The quantity of intercalated material retained depends on the com-
position of the corresponding lamellar compound and increases with the
original concentration in the host lattice. Differences between the two
compounds are associated with the ionized part of the intercalated com-
ponent. Hennig has calculated from the conductivity of the residue
compound of graphite bromide a ratio of 1Br—:2.2Br, and for graphite
bisulfate 1HSO4~:4H,S04, whereas in the saturated lamellar compounds
the ratios are 1Br—:3Brs and 1HSO,—:2H,S0,. It is difficult to find an
explanation for the increase of the fraction ionized for graphite bromide
and for the decrease in the case of the bisulfate.

The two compounds differ structurally in the way in which the reac-
tion partner is distributed in the graphite lattice. Whereas in the lamellar
compounds the interealated layers have a periodic distribution—i.e., are
interspersed stepwise—between the carbon planes, distribution in the
residue compounds is irregular. Precision measurements of the lattice
constants for the residue compounds of graphite bromide and bisulfate
gave only a trifling increase in the ¢ axis of the graphite, most of the
deviations being within the limits of error. Hennig concluded that im-
purities in residue compounds were situated mainly in holes and imper-
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fections in the graphite lattice, the fraction remaining intercalated be-
tween the carbon planes being under 1%.

Chemically, the residue compounds are of interest because they pos-
sess a greater chemical reactivity than pure graphite. Thus Hennig was
able to show that. the residue compound from graphite bromide (1.4Br:
100C) was able to react to a small extent with iodine or aluminum chlo-
ride (2A1Cl13:100C), whereas there is no reaction for pure graphite. For
the influence of the residue compound of graphite bromide on the inter-
calation of chlorine in graphite see Section ITIC2.

Many properties of residue compounds are also consistent with the
assumption that the separate crystals of a graphite compound are not
homogeneous after decomposition, and still contain undecomposed com-
pound in their interiors. This is surrounded by a more or less thick outer
layer of graphite which protects it from further decomposition. This
idea has been discussed already in Section IIID in connection with the
behavior of metal halide-graphite compounds towards water. It will be
necessary to wait for further experiments in order to explain more pre-
cisely the mode of decomposition of graphite compounds.

V. Comparative Survey

The new compounds found in the last ten years, C,F, the am-
monia and amine derivatives of alkali- and alkaline earth metal-graphite
compounds and the large group of metal halide intercalation compounds,
constitute further examples of the surprisingly diverse reactivity of
graphite. The study of physical properties of the graphite compounds,
together with elucidation of structures by X-rays, has led to a deep
insight into the mode of reaction of graphite and the constitution of in-
tercalation compounds.

The formation of graphite compounds is linked in every case to a
change in the electron concentration in the graphite. The elements with
the highest electron affinity, i.e., fluorine and oxygen, produce the greatest
change, in that they form covalent bonds with the carbon atoms. Linked
with this we find a change in the structure of the carbon layers in carbon
monofluoride and graphite oxide, as well as a decrease or disappearance
of conductivity. Strictly speaking, these are no longer graphite com-
pounds, for the characteristic properties of graphite, namely the presence
of free electrons and the arrangement of carbon atoms in planes, have
been lost.

Chemically, these homopolar compounds differ from the other graphite
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compounds in their stability to water and other solvents? and in their
relatively low reactivity, which is particularly striking for the fluorine
compounds. All other reactions of graphite which lead to intercalation
compounds may be associated with an electron transition between the
reaction partner and the carbon planes. When this occurs only the elec-
tron concentration in the conduction band is altered and the layer planes
remain as they were in graphite. The compounds are therefore polar in
character. They differ from the homopolar compounds in their crystal
structure, their conductivity, which is greater than that of pure graphite,
and also in their greater reactivity. The intercalation of the reaction
partner in a series of stages is characteristic of these compounds. This
18 certainly to be attributed to the tendency for the layers with a charge
of the same sign to distribute themselves at equal distances in the lattice.

Graphite acts as an amphoteric substance in producing these polar
compounds: it is an electron acceptor towards the strongly electroposi-
tive alkali and alkaline earth metals and a donor to atoms or ions with
a sufficient electron affinity. However, the number of electrons accepted
or donated always remains small in relation to the total electron con-
centration of the individual carbon planes. In the graphite salts, for
example, in which the ionic character is undoubtedly most strongly
developed, there is only one positive charge to 24 carbon atoms of a
carbon layer. This follows from the formula for stage 1 of the bisulfate,
Cay PHSO,~ - 2H,0. A similar ratio is encountered for other compounds,
for example, Co;*Cl— - 3AICl; or CaptAICL— - 2A1CIl3; CortGaCly— -
2GaCl;.

It is interesting that apparently only small deviations from this ratio
are possible in each stage, which, although it possesses a certain range
of homogeneity, goes over discontinuously to other stages with greater
changes in composition, These have new charge distributions in their
lattices. In relation to the charge of the carbon atoms, appreciably more
atoms or molecules are intercalated, i.e., the greater part are not bound
1onically, and probably serve to fill in gaps, so that the intercalated part-
ner can form coherent layers between the carbon planes. All compounds
of this sort studied to the present have been found to be reactive and to
be more or less completely decomposed by water.
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