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I.

INTRODUCTION
The first intercalated compound, graphite sulfate, was described by

Schauffaﬁ%l in lBhl.l Intercalation of graphite involves penetration of

v guest species between the carbon layers with consequent expansion of the

graphite in the ¢ axis direction. Intercalation usually proceeds in stages
(see Fig. 1). The region betﬁeen adjacent carbbn layers, which may be oc-
cupied-by guestvspecies constitutes a gallery. The known intercalating
reagehts are'numerous. They range from strong oxidants to powerful reduc;
tants.2 The metallic electrical conductivity of many of the intercalated
graphites and the péssibility that they might be used to store and trané-
port electricity, has quickened interest in ﬁhem. These compounds also pose
important fundamental questibns, which advances in synthetic techniques,
physical measurements and theory have made timely. There have been several
comprehensive recent revieﬁs devoted to graphite intercalation compounds,
pf which those by Herold,3 Ebert,h and Ebert and Selig5 deal.thoroughly
with'structural and chemical aspects of the compouﬁds. A review by Fischer
is from the perspective of a physicist. There have also been two reéent

7.8 devoted to intercalation compounds of graphite, the con-

conferences
ferenée proceedings of which collect much of the current work in the field.
In this review we shall not provide an exhausfive survey. Instead, we shall
seléct certain systems which have been studied exteﬁsively. Our aim is to

indicate principles which maey be of value for future research directions in

this field.

Many of the known intercalants of. graphite can be represented as -either

‘oxidants or reductants of graphite. Two of the following sections of this

review therefore deal with species which can be placed in either of these

categories. At the outset, however, it is appropriate to .consider features



of graphite itself, which are pertinent to intercalation, then some general

features of graphite intercalation compounds.

II. GRAPHITE

A. Nature of.the Material

The degree of perfection of the graphite used in the préparation of
intercalation compounds, and even the size of the‘graphite crystallities
have important influences on synthesis. Hooley9 has documented such in-
fluences and has demonstrated that graphite specimens of a given quality,
which are thin in the ¢ axis direction undergo intercalation with a lower
threshold activity of intercalant than do thicker specimens. Also, for
'oxidizing intercalation, those carbons which are highly imperfect (as a
consequence of much cross—iinking of the layers) do intercalate less readily
than those which are more perfect. On the other hand, for feducing inter- -
calants, such as the alkali metals, the available experimental evidence
indicates that inter-layer cross-linking appears to aid intercalation.
This has been attributed to loweriﬁg of the Fermi level by the cross-linking.3

It must be remembered that when intercalation occurs, some of the
defects of the parent carbon may carry over into the intercalation compounds.
Such defects can have gross impact upon physical properties such as elec-
troﬁ transport. Ubbelohde has discussed such effects on charge-scatteringlo
and the ordering of intercalants. In carbons in which there are many link-
ages between carbon layers (such linkages are referred to by U'bbelohdelo as
'rogue bonds') intercalation of bulky species can only proceed if such bonds
are broken (indeed, Ubbelohdelo has suggested that reversible intercalation
could provide for increasing the perfection of graphite by removing 'rogue'

bonds in this way). Carbons in which much 'rogue' bonding occurs are usually

s
-
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obtained by the pyrolysis of solid organic compounds andvinclude glassy carbons-
and polyvinylidene cokes. jiggsé,are often highly porous however, and physicai
absorption can readily occuf‘in them, and this may occasionally be confused
with intercalation. The pyrolytic graphites made by the pyrolysis of liquid
organicsll can also be rich in defects, unless they have been well annealed

at & 3000°C. The highest quality graphites, and the most Satisfactory for
intercalation studies, are obtained by the pyrolysis of small molecule hydro-
carbons at ~n 3000°C.l2 High temperature annealing again improves crystal-

life_perfection.

B. Bonding in Graphite

A fragment of the infinite two dimension network of 52? hybridized carbon
atoms of a perfect graphite is indicated in Fig. 2(a). The bonding

of the carbon atoms of the planar sigma-bonded layer (ab plane) is enhanced

by the ﬂ_bonding, derived from the combination of the 2, orbitals provided

by each carbon atom. Since each pair of m electrons in the graphite carbon
layer contributes to the bonding of.£hree carbon-carbon linkages, whereas in
benzene such an electron pair enhances the bonding of only two C-C linkages,
the bonding in the graphite layers is not as strong as in benzene. The in-
plane bonding in a layer of graphite is, however, stronger than the C-C
bonding in diamond. Indeed, the carbon layers are physically and chemically
robust and appear to remaiﬁ planar even when reduced~or«oxidized. The ad~
dition of electrOné to the conduction band (anti-bonding m orbitals) or the
removal‘of electrons from the valence band (m orbitals) decreases the bond-
ing in the layers. ©Small changes in the ab plane dimensions therefore do
occur in association with intercalation. In all of the‘high quality graphites,

(Fig. 2b), the effective thickness of a.carbon.layer.is,always close to 3.35 X.



Since the layers are merely van der Waals bonded, this distance represents
the effective van der Waals thickness of such sheets. Electron oxidation or
reduction of the carbon layers does not appear to have much effect upon this

thickness.

C. - Band Structure of Graphite

Since, in most instances, the intercalation of graphite does not lead
to gross changes in the carbon layers, it is useful, at lease as a first
sfep, to use the band structure of graphite as a basis for understanding the
electronic properties of the intercalated graphites. The first detailed dis-
cussion of the,bands generated by the combination of the B, orbitals of the
carbon layers was given by W'allace13 in 1947. There have been a number of
significant refinements since then which are important in accounting for

1k, 15 As fer as .intercalation

optical, magnetic, and electrical properties.
chemistry is concerned, -at lease at the outset,it is sufficient to treat

the band structure of an isolated carbon layer, i.e., deal simply with the
two dimensional network, for which the unit cell and Bravais lattice are
showﬁ in Fig.?(a), It must, however, be remémbered that the three-dimen—-
sional pristine ;raphite.situation is more complex than the one weé are

about to discuss. A major difference is that, in the three-dimensional
case, the layer-layer interactions, although merely van der Waals, do result
in overlap of the lowest band (the valence band) and the band next in energy
(the conduction band). It is this overlaplé of approximatély 0.04 eV, which
produces the semi-metal character of graphite. The overlap means that the
conduction band contains electrons and the valence band has holes, each with
a density of ~n lO-h carrier/carbon atom. Both carriers contribute to the

electrical conductivity.vfTHa;ei&éct,@f cxidation or rediuction on the band

;:occupanny;of the isolated carbon:layer is.-shown in Figare 3(b).



For the single layer, as. shown in Fig?3(a}the Brillouin zone is a hexa-
gon. The combination of the 2, atomic wave fuﬁctions gives the fwo T bands
(the valence band and the conduction bénd) which are dégenerate only at the
six Brilloﬁin zone cornei's.13 There is no overlap éf thesé bands,, nor is there
a band gap. At 0° K the valence band is filled and the conduction band
.empty, therefore, the Fermi level is at the point of contact of the bands.l%ée Figure

5 3(b) ]

The width of each of the E_bandsl is about 20 eV and since in the three-

dimensional graphite case, the energy of interaction of the layers is only
- about 0.5 eV, the overall éharacter of the m bands is not changed much in

- the formation of the three-dimensional structure, although the previously

mentioned slight overlap, 0.04 eV, is of course of profound importance.

: The&twnédimensiqnél,modelvfor the band structure may be a:satisfactory ap-
préximatiqn’for figggfégggg graphite compounds, when the intercalants are large
_closed—shell species, which provide for no effective overlap of orbitals
- with the 2, orbitals of the carbon layers. It may, therefore, be valid for -
the graphite salts in which stable anions such as NO,~, C20)°, HSOh_, and
AsF6-.ére intercalated between layers which bear net positive charge. Cer-
tainly the measure of the anisotropy of the electrical conductivity given
by cab/cc indicatesl7 that such salts are more two-dimensional in conducti-
vity than is pristine graphite itself, where experimental values for oa.b/oc

range from 102 to lO5

depending uponvthe quality of the graphite.

In the cases of graphite compounds where the intercalants possess
vacant or partially filled orbitals, their overlapvwith the.gz orbitals of
the carbon layers will result in chemical bonding. This must raise questions

concerning the validity of the two-dimensional band structure as an approxi-

‘mation for 'such systems. It thérefore is unlikeély that such a simple model



can. be applied to the graphite compounds of'the_alkali'and alkaline earth

metals. The enhancement of ¢ axis conductivity in these compounds, rela-

tive to pristine graphite, (they approach three-dimensional metallic be-

havior) points to such an overlap of valence orbitals of the intercalant v
-and the 2, orbitals 9? carbon.

III. SOME GENERAL ASPECTS OF GRAPHITE INTERCALATION COMPOUNDS

A. Structural Features -

The characterization of-the guest species in graphite intercalation
compounds is a major experimental challenge. The metallic nature of most
of the intercalation compounds means that structural studies based on
longer wavelength. electro-magnetic radiation are limited, because it
ordinarily does not penetrate beyond the surface layers. Thus, infrared
spectroscopy usually samples the surface, whereas with the shorter wave-
lengths available in Raman spectroscopy, depths up to n 1000 i of tﬁe |
sample can be excited.18 Similar difficulties may arise in NMR spectros-
copy although the information from the surface regions is often valuable.lg

Highly penetrating hard x-rays can measure bulk structural features, and,
in the neighborhood of an absorption edge, diagnostically valuable chemical
shift:szo’a.r.lgd:.L EXAFS data can be obtained.
It is often difficult to obfain well-ordered single crystals of
graphite intercalation compounds, therefore high-quality structures are
rare. Structural information from 002 data is relatively common however,
since structural ordering with respect to the ¢ axis is easy to maintain
if the graphite used in the preparation was a single crystal or a specimen -
of highly oriented pyrolytic graphite (HOPG).

Many of the graphite intercalation compounds ‘have well-ordered



structures at the microdomain level, but highly disordered structures can

also arise. In stages higher than the first, adjacent.carbon layers have

half the carbons eclipsed as in graphite itself (Fig. 2(b)). Their rela-

tive disposition can be conveniently represented as AB (or ABC). Those

graphite layers which conta.iz{a;_; ocdupied gallery are commonly eclipsed, If an
intercalated layer is represented by a:vertiCal stroke, a shorthand repre-

séntation for a fist-sﬁage compound, with the carbén layers eclipsing in

the ¢ axis direction, is AlAla... A second-stage compound might be

AB|BA|AB, etc., and a third stage ABAJABA|ABA... .

B. Fnergetics of Intercalation

Since the energy of binding of carbon layer to carbon layer in graphite
is approximately‘l.S kecal mole_l, the separationvof the layers. on inter-
calation involves work. Formation of a compound also commonly involves a
decrease in entropy, which can be sizable for gaseous species becqming guests -
in a highly—orderéd arrangement. The interaction between gﬁest and host must,
therefore, meet these enthalpy and entropy burdens, if the compound is to be
thermodynamically stable. In many compounds, this‘energy comes from tﬁe
Coulomb interaction consequent upon the guest species eithér oxidizing or
reducing the host.23Graphite is relatively easy to oxidize or reduce. For
the graphite compounds derived from the heaviest alkali metals (Section IVA)
and for those containing heiafluroanions (see Section VC ), thermodynamic
factors have been quite well defined; Thermodynamic factors appear not to
be the only obstacle to synthesis, however.9

C. Mechanisms of .Intercalation

Studies related to the mechanism of intercalation have been carried out

on very few systems; that of bromine intercalation being the best. documented.
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9

was the first to demonstrate that Br2 intercalation is determined

by basal plane.adéorption--no intercalation of bromine occurs if the basal

Hooley

pianes are covered with wax. He also showed fhat the regions nearest the
basal planes open first, the stage obtained depending upon the partial pres- .
sure of the intercalant. The first stage is produced at the highest activity.
A low energy electron diffraction (LEED) studyzhindicates that a mono-
layer coverage of the (001) surface with bromine precedes gallery opening.
An x-ray absorption studygsindicates that molecular bromine lies flat on the
surface at pressures corresponding to near monolayer coverage. The bromines
lie 2.53X above the carbon plane with a Br-Br distance of‘2.313. Polarized

EXAFS measurements260n dilute intercalated samples show two different Br-Br

o
distances at 2.34 and 2.53A. The latter distance is consistent with the Br3

ion.

Young has postulatedean electronic effect to explain the action of
,gﬁsorption of Br2 |
T00 X from that surface. Filling of that gallery causes others to open

on the (001) plane in opening a gallery as far away as

both closer to, and fu:ther from, the basal plane. Hence gallery opening
progresses from the basal plane.
The domain model first proposed28 by Daumas and Hérold, which is rep-

resented in Fig. 4(a) has received experiment support from direct imaging

29

studies of the graphiteIFeCl system. The model provides for an understand-

3
ing of how the changes in stage (e.g. three to two) can occur with such facility.
This model allows that most real graphites have ramps from one gallery: to another,

by wﬁich the guest species can be sent from one to the other. With this model,
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and from consideration of the_effects of elastic coherency . strains, Safran, §§3§;L30

have provided an explanation for stagihg. In‘their'analysié, éach guest is ré:
presented by a couple of forces with zéro moment, which ektend the gallery ffdm
the original height of 3.35 Z; These elastic dipoles are illustrated iﬁ Fig. 4(b).
When two suchvdipoles are situated as in A, they repel one another, while those

in position B, -attract. Thus guest islands are formed, which in their stack-

ing along the c¢ axis, show ﬁhe'typical staging periodicity (Fig. 4(a)). These
strains drive a mixed-stage Or fandomly—staged crystal to pure-stage ordering.

It seems quite probable that.all intercalation iﬁtq graphite involves

adsofptiOn of guest molecuies, initiaily on the basal plane (00l), accompanied

by electron transfer between the guest and graphite, with subsequent steps

beihg much the same as described for bromine.

D. Electronic Properties of Grabhite'Intercalation Compounds

Most studies of electronic properties of graphitg intercalation compounds
have been ﬁade to further our understanding of fheir highly anisotropic metal-
lic conductivity. In spite of iﬁs overfsimplificatiOns, the Drude model31 pro-
vides for the relationship of ;he speéific conductivity o to the nﬁmber of

carriers n. The relationship is:

2
o (- length ) ne. T
ohm x cross-sectional area *

: %
T being an averaged scattering or relaxation time, and m 1is the effective mass

of the predominant charge carrier,-défined by

2
3 E
2

22 3k

8
2 L
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where the E vs 'k contour of the-band structure is known. Thus one has the
variables n, 7, m¥*, and tﬁe cross-sectional area of the current flow to measure,
in order to interpret the experimental conductivities of these intercalates.
Intercalation affects both m* and n. Knowledge of the number and charge
of the intercalated species gives the number of electrons withdrawn from -
or added to the graphite. From knowledge of the structural unit cell, the
Brillouin zone can be derived. Band thedry calculﬁtions, with such in-
formation, can, in principle, yield n aﬁd m¥. The dependence of the
electron energy, E, upon the vector k i; illustrated for the two-dimensional
-Brillouin zones of graphite in Fig,3(é)‘As we have seen, the effective mass
of the charge carrier, m*, is defined in terms of those quantities. The only
unknown in this simple Drude model is T, which can only be treated as an em-
pirical factor (the value of which may be expected to change upon intercalation).
Thus, in virtualiy all cases, conductivity measurements have not been inter-
pretable in tefms of microscopic parameters.
Comparisons of published data among several groups and among various
compounds leads to different values of these parameters even forynominally
equivalent material. Many measurements have been made using
different qualities of graphite, which makes comparisons of o difficult'due
to the unknown impact of deﬁeptsygn_tf.Most investigators minimize, but cannot

eliminate, this effect by measuring each piece before and after intercalation,
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to obtain the relative change in a. A further difficulty occurs when different

techniques for measurihg g are used. Most early workers used L-probe bridge

mea.surém.ents.32 -Zeller, et al,33have shown that a contactless radio frequency

method eliminates the consequences of attack by the reactants on the electrodes,
and the effects of non-uniform current flow. This rf method seems to be the
preferred means for measuring the large in-plane conductivities of many oxi-

dized graphites. The- contactless measurements also indicate that the earlier

34

cabvalues from 4-probe techniques may have been under-valued.
The conventional ¢ values for intercalation compounds of course involve

the cross-sectional area across which the carrier flux passes. For o ‘this

ab’

involves the thickness of the sample along the ¢ axis. However, this cross-sec-
tional area grows as the ¢ axis expanas and the unit area has fewer carbon layers.

Mos} investigators re-normslize their olbfor various stages so as to always
a

maintain a unit cross-sectional area. Thus, their units are (Q_l-cm-l)

However, if the carriers are primarily located in each graphite layer (as appears
to be the case for intercalation compounds of oxidized graphite) it is use-

ful to compare the o . normalized to a constant number of carbon layers. This

ab

can be obtained conveniently by multiplying the o . value by the relative change in

ab

thickness t/to as measured along the ¢ axis.

Iv. INTERCALATION WITH GRAPHITE REDUCTION

A. Binary Systems:

The compounds of graphite intercalated by the alkali metals are among
the most studied of graphite materials. By comparison, the alkaline earth,
lanthanide, and transition metal compounds are little in&estigated. To our
 know1edge, only one review has been devoted solely to the alkali metal inter-

35

calates,” “although they have been thoroughly discussed in Other major reviews:
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The synthetic methods used in the preparation of the alkali metal inter-
calates distinguish two classes. The heavier metals K, Rb, and Cs react read-
ily with gréphite at 200°, or less, using a standard two-bulb technique. Li-
thium reacts only at higher temperatures or pressures, and lithium carbide is
a common impurity in the product. The sodium compound is difficult to make ~
directly and is relatively poorly characterized. The distinction between the
two groups (K, Rb, Cs) and (Li, Na) has brought speculation37that the ionizatibh
potentials of the gaseous atoms provide the basis for the distinction between
the two classes. The ionization potentials (in eV) of K (4.34), Rb (L4.18), and
Cs (3.89) lie below the electron affinity of graphite, which has been esti-
mated38to be 4.6 eV, while Li (5.39) and Na (5.1k) lie above the affinity of
graphite.

The conditions of synthesis of the alkaline earth39(Ca, Ba, Sr) and
lanthsnide (Eu, Yb, Sm, Tm)*Cintercalates parallel the conditions for li-
thium intercalation. Temperatures of 500-600° for several weeks are required
to reach first stage. The first ionization energies of all these metals lie
above the electron affinity of graphite.

The distinction between the two metal classes M (K, Rb, C;) and M' (Li,
Na, Ca, Ba, Sr, Bu, Yb, Tm, Sm) in synthetic conditions also carries over to
their composition and staging. The first-stage C8M and higher-stage ClZnM
compositions contrast with the first-stage CGM' (except Na). The second-
stage lithium compound appears3 to be of variable composition ClELi - ClBLi° - -
No pure higher-stage materials CxM' have been obtained.

Table I gives the structural parameters for these compounds. The
experimental values for the unit cell ¢ dimensions yield carbon layer-guest-
carbon layer-distanées,'Ic, which are compatible with cationic guests.

Indeed the effective guest diameter obtained by subtracting a-carbon layer

(o]
thickness of 3.35 A from Ic~is often less than the diameter of the .guest
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as a cation. This may simply be a consequence of the guest‘spécies nestling
in fhe centers of ::__hexagons of the carbon layers. The heavy alkali metals
do not form a simple one-gallery-height c-spacing in the C8M coﬁposition.
The unit cell_withinba gallery is shown in Figure 5. bThis unit cell allows
for any of four sites to be occupied. In low temperature forms»of 08K and
CSRb, all four sites are occupied sequentially in consecutive layers, such
that the g}spacing is four timeés the interlayer distance. This c-axis
ordering is denoted AaABAYAS, where the A.A.A represents eclipsing graphite
layers. ‘In CSCs, however, it is claimed that only three of these sites are
occupied, the layering sequence being AaABAy. In all 08M compounds, the
¢=-axis ordering changes as a function of temperature,‘and at high tempefatures
ordering fromldn gallery to the next is lost. In the C6Li compound, the unit
cell provides three equivalent sites (Figure 5). Apparently the Li occupies
one site throughout the structure and the ¢ dimension equals the interlayer
spacing. Parry and Nixonhlhave examined higher stage Cl2ﬁM compounds, and
found that graphite layers eclipse one another across. a metal gailery, while
they are staggered, as in graphite, when the carbon layers are adjacent.

The alkaline earth and lanthanide intercalants are just beginning to
be characterized by X-ray diffraction studies. Some structural information
on the CGM compounds.(M = Ca, Sr? Ba, Sm, Eu, and Yb) has been obtained.39’ho
It seems that the metal layer sequences may be Aclalo (as for Ca) or
AAoABAGAB... (as for Sr, Ba). It is noticable from Table 1 that the Eu appears
to have an effective size closer to that of Sr than Ca, whereas Yb is like
Ca. These two lanthanides have the most stable M2+ oxidation staﬁes
 among the. lanthanides. Magnetic susceptibility measurements on these com-
pdﬁnds have not been made to confirm that the metals are M2+. In all these

cases, though, it is doubtfu; that the metal has been .completely oxidized by'i
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the graphite. Metal-metal bonding may well occur between the guests in these

compounds.

B. Ternary Systems:

7

Knowledge of ternary systems has come chiefly from the work of Hérold
-and his coworkersyha' Intercalation of mixed metals from molten alloys-
include Ba-Na, and pair-wise ailoys of Na, K, Rb, Cs. In the sodium alloys,
the presence of a Na within the gallery is only temporary. Upon prolonged
contact with the alloy, the Na is eventually replaced by other metai;h3 This
behavior parallels the apparent instability of CxNa compounds. In the phase
diagrams for the binary alloy intercalates, the interplanar spacing remains
éimilar to that for the compounds of the pure components near the metal-rich
e:c1:r<.=.xr1es‘.,}'lm Over a particular composition range, the interplanar spacing
changes by several tenths of ah angstrom, and in this same range, the mag-
netic susceptibility shows an anomalous spike. It may be that some ordering
or clustering of the dfferent alkali guest species is involved in this be-
havior. Structural studies which focus on the question of guest arrange-
meﬁt should clarify the situation.
In the graphite Na-Ba system, at a composition CeNazBa, the gallery
height and composition implyﬁsifhat a single gallery contains a layer of Ba
atom, sandwiched between layers of Na atoms, this triple layer being bounded
by the graphite layers. Analogous compoﬁnds involving Hg sandwiched by K qr 1_
Rb (first-stage ChKHg, and second-stage C8KHg) are also knowﬁ@hé |
Herold’3 has assigned formal dhargeé cx Hg_‘K+ C” to the metal layers (a}though
metal-metal bonding would eliminate the presence of isolated Hg ). . Perhaps the Hg
atqms sandwicheéd between the alkali cations are somewhat positive. Positively

charged mercury would be -smaller than neutral or negatively charged mercury.
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Anothef class of ternary compounds is the graphite-alkali-hydrogen
compounds. A first-stage CBK’ vhen treated with H,, forms a second-stage
material of composition of CBKHO.66f- In the latter, a gallery contains a
K-H-K layer sequenceohT The action of further alkali metals on this product
produces & new "first stage" where the addéd metals enter the empty galleries.
Within'these galleries, the newly added metal forms the usual‘CBM type gallery.
Lithium removes some of the hydrogen as LiH, without intercalating, while
Na does not react. .Higher stage C,, K can also be "hydrogenated" to form
compounds with K-H-K layers. For these sandwiched hydrogen compounds. it seems
likely that the hydrogén is hydridic.

A third class of reduced ternary intercalation compounds is derived from
solution (NH3, TﬁF, aromatic compounds) of metals (alkali, alkaline ea&ths,
lanthanides; aluminum).h2 In these compounds, the solvent molecules as well as
the strongly-reducing metals are intercalated. The interlayer spacings in
these compounds appear to be determined primarily by the dimensions of the
intercalated solvent molecule. An example is the coﬁpound in which both
benzene and sodium are intercalated together.h8 Two models have been proposed.
In one, the benzene ring lies adjacent té a graphite layer and parallel with
it. The sodium ions are assigned as sandwiched between the benzene and the
other graphite layer. 1In the éecond model, the plané of the riﬁg of the
benzene molecule is set perpendiculdr to the graphite layers. ‘The latter
arrangement is a satisfactory one, if, as seems reasonable, the benzene rings

participate in bearing the negative charge. Thus the negatively charged
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benzene rings will screen the sodium ions from one anothér. Some tilting of
the rings from the perpendicular would still provide for this however, and
could give better packing.

‘The recent discoveries of the mercury and hydrogen ternaries with alkali
graphites are surprising, and pose important questidns concerning their formu-
lation and bonding. It seems likely that many more such novel comﬁinatiOns,

with graphite will be found.

C. Electronic Properties of Reduced Graphite Intercalates

The electronic properties of the alkali-metal‘intercalates have received.
much attention. The sizable diamagnetic susceptibility of the graphite is
lost and a small Pauli paramagnetism arises.S)Electrical conductivity increases
ten-fold in the ab plane, and approximately tﬁo'hundred—fold along ¢ at the

28,50 AL
first stage. The a-axis conductivity levels ofT5 in the region of the 4th to 8th
stage and apparently decreases slightly for the heavy alkalies. However, cor-
recting the conductivity, for the expansion in fhe ¢ axis direction which ac-
companies intercalation, shows that the coqductivity per plane is nearly con-
| stant, (see Table ;;)} The'g:axis_condgctivity increases monotonically up to
saturation.

From Raman studies of the carbon-ia&éf vibfations, Solin18 has provided
persuasive evidence that fhe charge transferred to the carbon, from the'heavy—
alkall guests, is largely confined to the layers containing fhe metal-atom
layer.

One of the more significant measureménts has pfoved to be that of the

52 .
Hall coefficient of these materials. In the reduced graphite»eyg. C36K the

Ra_ia negatiye in sign, indicating that.electrons are the carriers.
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The negative sign also is clear electronic evidence that the graphite

is reduced. There exists some evidence that'RH for 08K changes sign at very

low temperatures (below 7T K).53 This evidence gngs some support to the
view that C8K may -actually be a semimetal with both electfon and hole carriers.
Howéver, further_work'is_needed to'confirm this proposal.

In order to;ﬁeasure the densitj of sﬁates in the firét—stage-compounds,

. 54, 55, 56 | 55456

magnetic susceptibility - and heat capacity experiments ~ have
been ferformedm The density of states value, derived from heat capacity
-medsurements,'differs by & factor of two from that pbtaiﬁéd*frqm-magnetic
=suscéptibility dafa.. The heat capacity data appears to be in better agree-
ment with band vcalculations§7 Electron~-phonon coupling has been invoked to
explain the departurés from theoretical expec_ta.tions?5 A.strong coupling
of the electrons with the latticé'is clearly occuring below_1° K, when these
' 'first-stége compounds become sﬁperconducting.

In summary, the electronic properties of the CxM compounds are con-
sistent with reduction of the graphite. Inithe first-stage material, there

appears to be some anomolous electronic and spectroscopic behavior which

merits further investigation.
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V. INTERCALATION WITH GRAPHITE OXIDATION.

A. Graphite Salts from Strong Mineral Acids.

- Preparative and structural work by Rudorff and his groupse'59

laid the basis for the more recent studies of graphite salts
containing strong acid anions. However, the impetus for current
activity in the field sprang from the discovery of the high ab

60,61

plane conductivities of these salts, that came from the work

of Ubbelohde and his co-workers,‘folloWing their successful
production of large pieces of highly oriented graphite, bearing
relatively few defects.

The salts can be prepared by chemical gxidatighﬁ(e.g, by
nitric acid) but anodic electrochemical oxidation has also been
60,61

used. The latter has permitted accurate coulometry to be

applied to the synthesis of the salts containing HSOZ. Since such
oxidations in mineral acids also result in the neutral mineral
acid molecules being intercalated, coulometry permits determina-
tion of the fraction of the guests which are charged. From the
mineral acid preparations the typical formulations are C;4x'2Hx

Z orvHSOZ), and for nitric acid C;4N053HN03. There appears

to be no reason why any strong4acid anion (except, perhaps, very

(x=C20

bulky ones) should not be intercalated into graphite. If the
neutral acid is present it will also be intercalated.

Data from some mineral acid salts are given in Table III.
They show that the occupied gallery height, IC in the salts is
much the same for perchlorate, bisulfate .and some of the nitrates.
Indeed the value of “7.9A, and the stoichiometries, are compatable

with a rather close-packed double layer of oxygen ligands.
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For the bisulfate and perchlorate this implies a close-packing

of the 'tetrahedra' according to one or more of the models shown

in Figure 6(a). It is also clear that if planar nitrate groups

are present in the galleries, they.cannét be parallel to:the
carbon 1ayers, in those salts for whicthc='7.8A. Recently Touzain [62]
has used 002 powder data to support the model represented in 6(b). !
He concludes that the stoichiometry should be C4e3onN03 (x=5/6)

in these materials. The newly described63

nitrates having Ic=6.55A,
obtained from the Ic=7.8A material, by desorbtion of intercalant,
appear to obey a staging fdtmula Cgp (H) NO5 (x(1 but not defined).
This gallery height is consistent with planar-NO3 species lying
parallel to the carbon layers. Figure 6(c) shows possible ordered
érrangements. The cOnversiQn of Ic=7.8 to Ic=6.55A material must
involve loss of HN03. As these neutral molecules (which serve as
dielectric Spacers for the NOS ions) leave the galleries, the
repulsive interactions of the anions should favor.;hg structure in
6(c). A further factor favoring a small IC’When there is a’'large anion
fraction of guests,is the increased coulomb attraction B :

between guests and carbon layers.

20,64

The C nX formulation is the same as that observed in the

8
close-packed first stage hexafloridew—intercalated~C8ME6 (M=As, Os,Ir),
where, of course, two such layers of relatively close-packed guest
ligands (F and 0 are similar in size) are required in place of the
single layers seen here. The x-ray diffraction studies of Ru‘c’ic;»r.'fE’I’c"ﬂSh9
had indicated that thEIQMEGt:@iSPOSitién im?nne @aiiefy.is‘£ensed

by :guests .in neighboring galleries. Thus the bisulfate has the
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structure shown in Figure 7, and this and other ordered arrangements
have been observed in other salts.

From coulometric studiesso’61

of bisulfate, perchlorate and
nitrate intercalation, done in concert with Hall coefficient measure-
ments, Ubbelohde and his co-workers have demonstrated the p type of
conductivity of these materials. They have also shown that the salts
are very good ab plane conductors, having specific conductivities:

- comparable with-or higher- than that 6f,aluminum. The:

conductivity in the c—akiS‘direction is usually mﬁch lower than in
pristine graphite, although the values clearly depend upon short-
circuiting by defects which link thé carbon layers. 1Indeed, as

10 defects are an important source of

Ubbelohde has discussed}
scattering of the charge déiriers. All other things being equal,
increase in the perfection of the graphite_salts increases the

ab plane conductivity and decreases that in the c-axis direction.

10

An approximéfely tenfold increase in,c_ab has been noted™ for

graphite nitrate, cooled from room tem;;rature to 63°K. This has
been attributed to a decrease in the carrier scattering associated
with a 'freezing in' of the guest species in their lattice sites.
Much higher positive charges in the carbon layers can be
obtained by avoiding fhe use of mineral acids in the synthesis.
Thus, peroxydisulfuryldiflouride, SZOGFZ' will oxidize graphite
'spontaneouslyss to produce a-material of approximate formulation
C7SO3F. This is an inferior ah plane conductor to felated
mate;ial C7(SO3F)I/3(HSOBF)2/3?made‘by treatiﬁg=graphit§'with an

appropri ate mixture of 5,0,F, and HSO3F¢_ It is not clear why it
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is so. Comparison of x-ray diffraction data from the two materials,
made from the same parent carbon, shows that the acid—Containing

compound is highly crystalline and that'C7SO3F is not. In the.

66

acid salts, proton mobility must result in haphazard and fleeting

charging of the guest species. This, and the relatively low positive
chafge'per carbon lafer, may be important to the preservation of
undistorted hexagonal carbon layers. Low conductivity and poor
| crystallinityof C7SO3F may, however, signify a distortion‘of the

carbon layers. ___

Low conductivity and poor crystallinity have

also been observed64 in C+Mngsalts (See V C.)

B. Intercalation of Oxides.

Claims for the intercalation of a number of oxides into

315 put definitive identification of

graphite have been advanced,
the guest species is generally lacking. The similarity of the

and SO, derivatives (given in Table 1IV)

Ic values for the NZOS’ C1207, 3
with the Ic values for the acid ahion relatives in Table III, is
striking. Since the familiar forms of the oxides themselves have

~geometries related to the anions, it is of course possible that

much of the intercalant, in all cases, is merely the neutral spe01es.
It does seem likely, however, that at least some electron-ox1datlon

of the_graphitevand guest anion formation has occured, ' to provide

the driving force for the intercalation. This is plausible for the
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'N205 and C1207, for which oxidation by the fdllowing reactions67

might occur:
1.

© ~ -76 kcal mole

- o _ _ : =1
4(g); AH™ = =159 kcal mole;’

N.O + e (from C) -+ NO + AH

2%5 (g) NO3 () ;

+ CLO

2(qg)

C1207(g) + e (from C) - (Clo3)(g)

The case for SO3 oxidation of the graphite is less compelling but
the possibility of thé intercalation being initiated by some poly-
meric anion formation is great. A general equation for such a re-

action is:

(x + 3)SO5 + 2e” (from C) » 035-0-(S0,)_+0-50,%" + 50

3 2

Some high oxidation-state transition metal oxides (e.g. Cr03) have

also been reported to intercalate. Electron oxidation of the

graphite seems to be involved®8,
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C. Intercalation of Hexafluoroanions; Fluorine and Arsenic Penta-

fluoride into Graphite

High éarbon—layer charges have been produéed-with the inter-
calation of hexafluoroanion spéciés such as MF6- (M =P, As;‘Sb, Os,
Ir) and M'F62- (M' = Gé, Sn, and Pt) the'limiting formulations being,
respectively, CgMFg and ci;M'Fg_ All these. salts’ a.ré blue. .Stizdiz_e,s.. Invole
ving the third-transition series hexafluorides have demonstrated‘[64] 5
that a hexafluoride must have ah'eléctron affinity ofvat least 108
kcal molé_l if it is to spontaneously and oxidatively intercélate in-
to pristine graphite.

Data for the third-transition-series haxafluorides and relatives,
are inen_in Table V. Since the haxafluorides are very similar in
size [69] the coulomb energy for:any sait CX+MF6_ willvbe essentially

the same for all M. In a Born-Haber cycle comparison of the salts

6 14
changes much, from one salt to another, is the electron affinity of

Cx+MF the only term affecting the enthalpy of formation which

MF The inability of WF, + ReF, to oxidize and intercalate graphite

6° 6
can be attributed to the lower electron éffinities of these molecules.

(ReF., does intercalate, and WFG andbReF6 each intercalate in the

7
presence of fluorine to yield MF,

salts.) Magnetic susceptibility

measurements have shown that the limiting-compositions of the os-

mium, iridium and platinum salts are, respectively, C8+OSF6 '

- 24, ., 2-
IrF6 ’ 12 PtF6 .

The essentially close packing of the hexaflugnmﬂmcies,in'the

+

3 and C

C

Jgalieries;@f-fhe-CBMF%w@ases, is required by the unit cell which is

-illustrated iniEigure 8(a). Tt is probable that the less close-
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 packed situation pertaining in ClZPtFG (see Fig. 8(b)) is a consequence
of the combination of the greater work function required to produce

C (as compared with C ) and the considerable repulsive inter-

+
12 -
action of the PtF62_ ions in a close-packed configuration. Note
(Figure 8(c)) that each species has six nearest neighbors in a

C8MF6

C1oMFg

- type close-packed configuratidn, but only three in an ordered
arrangement. |

The first stage materials are obtained, at.zZOg, using the
hexafluoride at vapor pressures close to 100 Torr. Higher stages

may be obtained by using lower pressures or temperatures. The first
stage composition ranges from C12 to CBMF6° The staging formula

for the highest stages is, however, chnMF6° This is probably a
consequence of the large repulsive interactions which the close-
packed Can MF ¢ formulation requires (see Figs. 8(b), (c)). It appears
then that the energy expended in openlng another gallery is less

than would be lost in adopting a CBhMF% packing rather than a

.Cl2n

neighbors, whereas in ClZnMFG there are three near neighbors only.

MF packing. In the former each anion would have six nearest

The first stage osmium and iridium cempounds do not conduct
electrieity E78],‘in the ab plane , much better than graphite itself.
This is also the case for the platinum compound, even in the second
stage. On the other_hand for the second and higher stages;'derived s
from OsF6 or IrFG, the Sb values are approximately an order of
magnitude greater than for‘graphite itself. Bartlett et. al. [64]

- have ppointed out -that the lower conductivity in the more highl?
charged graphites may be a consequence of distortion of the carbon

, . - . . g s R S .
layers. They note eventual loss of,crystall;nlty Ln::C8 MFG M =

As, Os, Ir). When freshly prepared and kept at tow temperatures
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these salts exhibit the diffraction characteristics required for the
cell given in Fig. 8(a), but at room temperature the qrystallinity

is lost within a few hours. The salts C8MF6 (M = P or As) can be

made [?9, 80] by treating graphite with a mixture of the penta-

fluoride and flﬁorine until there is no further consumption of either
gas.. The arsenic salt conductivity is comparable with that of graphite,
.in,contraSt with the graphite-arsenic pentaflﬁoride relative, C8AsF5;
which is comparable with aluminum metal [ 78, 81, 82];

It is not possible to intercalate, BF; or PF5 or WF6 alone into
pristine graphite. Evidently,as Lewis acids, their interaction with
graphite Il clouds cannot provide for the energy of the gallery open-
ing. The data in Table VI'show, however, that the fluoride-ion
affinities of each of these molecules is large. This enthalpy éviden-
tly drives the intercalation of the ions derived from them.

Munch et. al. [95] and McCarron et. al. [80] have independently
noted that the consumption of fluorine by graphite in the presence of
arsenic pentafluoride is double that required tb form AsFG_. Bart-
létt and his coworkers.E78, 80, 96] have shown'that for stages n}Z,
the limiting composition of these fluorine-rich systems 1is C12nAsF6.F.
The fluorine cannot be removed under vacuum but it cén be titrated

with AsF to form an ASFG-salt:

3’

3C, ASF,.F + ASF.,— 4C, ASF

4y 6 3 3y 6

and with an equimolar gquantity of As-F3 there is complete conversion

to a material which appears to be identical to that prepared directly

"from graphite and AsES. The interaction is evidently:

2C., ASF,_.F 4 ASF:

3y 8" 37 3C

5
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The extra fluorine for the ClznAsFG.E occupies only those

galleries which contain AsF6 . It seems likely that the fluorine,
as F, is located in the vacancies available in the C,,AsF. gallery. =
Since each of these vacancies (see Figure 8 (b), (c)) can accomodate

an AsFG_ (as in C8AsF6)_the requirement that each accomodate two F

is easily met. Of course this means that the positive charge in the

carbon layers in these fluorine-rich compounds must be high, viz: .

2+

C12n Ast‘.F .

Thompson et.al. [78] have found that the C;, AsF..F materials

are poor ab plahe conductors and that their reduction by AsF3g1eads

to conductivity enhancement. This low conductivity of C12n2+AsF6".F“

parallels the low conductivity noted for the first stage c8+MF6 salts
and those derived from PtF62-.
These discoveries are pertinent to the long standing problem

of the non intercalation of elemental fluorine in pristine graphite

C3, 9], It is clear that fluorine is unabhle (unaided) to open a
gallery and this continues to be the case for ClZASFG’ which will
only take up fluorine (ClesF6 + %F2-¥>C12A5F6.F) within the occupied
gallery. Perhaps (to follow a suggestion of Hooley [9]),F‘ formed
at the opening to a gallery)become fixed at the entrance and cannot
move forward into the gallery. Such localization of F~ is compatible
with their small size (radius 1.33A) and large charge dénsity.{971-A.oﬁ6é
close to a somewhat positively charged carbon atom, the progression ..
to another carbon (at least.l.42% distant) requires appreciable energy.
It may be that, with the AsFG_ in attendance, the progression
into the occupied galleries is aided by the fleeting formation--of

A e -
-

specied such as:AsF72 , Or even ASF7 - Buc@,spegiesdfwith their
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overcrowded coordination spheres would slough off abligand readily,
but the one discarded need not be the one taken up. By such a
ligand exchange the F could progress rapidly into (and out of) thé‘
gallery. But there is presently no evidence to give firm support
to such conjeéfures. |

Perhaps the materiéls which have aroused most interest and
controversy are those derived from graphite and Ast. Selig and his
coworkers [98] were the first to fepdrt such a material but it was the
report of conductivities comparable with that of copper [81] which
attracted much attention. More recent work indicates that the con-
ductivities are lower than first assessed, but values comparable with
aluminum metal are established [78, 521.

Most of the controversy has centred on the naﬁure_of the guests.
Bartlett et. al. [20, 21] have contended, on the basis of X-ray absor-
ption edge studied, that the arsenic ﬁentafluoride oxidizes the |

graphite according to the equation:

3AsF. + 2e —»>2ASF + AsF

5 6 3

and that the conversion to AsFG- and AsF3 is virtually complete. Théy
have also shown that>there aré substantial fractions of arsenic
trifluoride present in the volatiles removed from the intercalated
graphite [30]. Moreover, they ha&e Shown't78] that when AsF3 is added
to a Cy, AsF, salt (n)Z),’there is no detectable change in stage and
the conductivity remains unchanged. The same holds for removal of

AsF These observation are in accord with a ClZnASFG structure (see

3.
Figure 8(b)) into the vacancies of which can be placed neutral AsF3

molecules, to yield a&matériai-Cizﬁﬁﬁf%;%ASFB {i.e. CQQASFﬁa“ A

persuasive feature is that the staging formula for graphite/fA§F51993v
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3 . ; ) - . ‘ »
is C8nASF5 (1.e._C12nAsF6. AsF3) whereas for the AsF6 salts it is
Cy,,AsF [80].

The ¢hermodynamic data in Table VII, when taken in conjunction -

with that in Table V, indicate that AsF (and SbFS) should be'capable_

5

.-

of oxidizing graphite, since the electron affinity, per equivalent
of electron oxidation of the graphite, is comparable with that of-:

OsFG. On the other hand, PF5 has a lower electron affinity (for

thé reaction 3PF5 + 2e—->2PFé- + PF3) than does WF6.

fore, not surprising that PFS’ alone, will not oxidize graphite spon-

It is, there=-

taneously. v

In spite of this evidence the early views [100, 101] that the
guest species were largely molecular AsF5 (or As'F5 bonded to the
graphite Il'system) have persisted ElOZJ. The major problems appear
to be chemical,(Unfortuhately many physical measurements have been
made on materials which have been ill-defined_éhemically.)

6 and AsF3

theless, they are in equilibrium with AsFS. The latter becomes a

Although AsF are the dominant guest species, never-
more important species as the chargé builds up in the carbon layers
(which it does, dramatically, in passing from second to first stage).
Thus we have:

G + 3AsF5’-:‘_’G2+2AsF6' + AsF,

Indeed if a large excess of arsenic pentafluoride is used in the
synthesis, as AsF3 leaves the material it can be replaced by.AsES,
Hence, unless the preparative conditions are closely specified, it

is unlikely that a pure graphite AsF5 compound. will be obtaihed, The

ready loss of.AsF3 ,means that it is-possible-to .make a graphite.As£6
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salt, from gra?hite and AsF5, simply by repeating a cycle of
operations. Thus, C8AsF5 under vacuum passes to C_14ASFc_¢- The
latter is treated with more AsF5 to a composition C8AsF5_6, agein
pumped doﬁn and again treated with AsFS: After fiVe‘such cycles,
the composition stands (after evacuation) close to the first-stage
composition C ,AsF, [96].

Although there is no detectable difference between the‘gé plane
conductivities of second and higher stages of CSnASFS and-ClénAsf‘6 [78],
there are large differences between the first stage materials.

- C{AsF

8 5
whereas ClesF6 (likeCleF6 (M. = 0Os, Ir)) has a conductivity close

is a good conductor (about twelve times better than graphite)

to that of graphite‘itself. There is no evidence of loss of crystal-
linity in,CaAst‘as there is for CBASFG’ and it appears  that the»graphite
layers have their hexagonal symmetry preserved in the former.

A somewhat haphazard arrangement of the neutral and charged
species (AsFGf, AsF3 and some AsFS) in the galleries of C8AsF5 will
mean a lower tendéncy to charge localization at specific sites in the
carbon layer than in C8+ASF6—' Thus the delocalized NI electron system
of graphite may be less perturbed in C8AsF5 than in C8+ASF6_, where a
guest on each side of a carbon.layer will cooperate to localize pos-
itive charge. Such cooperative charge localization could lead to
structural change in the carbon layers.

Unfortunately most of the studies on graphite/AsF5 have been made
on materials which must now be regarded as suspect. When close
attenticn is given to the chemical problems, the points of disputeimay

well disappear.
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D. Intercalation of Halogens and Halides (except Fluorides)

Hérold has thoroughly discussed the intercalation of halogens
and halides into graphite [3] and has discussed much of the
structural work in detail, therefore these aspects will not be
treated again here.

From the enthalpies of formation of the halide ion (given
in Table VIII), electronegatives, and lattice energetics, the
lightest of the halogens are the most favorable fof the form-
ation of salts Cx+ X~ (x=halogen). With the possible exception
of F in salts such as C12n AsF..F (n>2), there is no evidence
that discrete halide ions ever occur in intercalation compounds
of graphite. Chlorine forms compounds [104] which are stable
bglow room tem.perafure° Bromine is the only halogen which
spontaneously generates a graphite compound at ordinary tem-
peratures and pressures. Iodine does not intercalateg*yet
ICl and IBr.do so.'}Hdoley [9] has poihted to the close com-
patability of the internuclear distances in those molecules
which do intercalateﬁ_Br2 (2.278); 1ICl (2.40R); IBr (2.494),
with the center to center distance of adjacent hexagons in
graphiteof 2.424. ' Perhaps this pfesérves the electron de-
localization of the carbon layers by spreading any positive
charge, associated with electron removal by the bromine,

more or less evenly over the hexagons of carbon atoms.



33

There is a further feature of these Brz, ICl, and IBr
‘molecules, as distinct from F2 and Clz, which may contribute
to their ease of intercalation into graphite: that is their

readiness to bond to related species to form extended halogen-
bridged systems [lQS]. Thus Br3—, Brs-

species may have a role in bromine intercalation. Similarly,

and even more extended

IClZ_, IBrz_ or IZC13— and IzBr3- may contribute to thé inter-
calation of ICl and IBr; In all Qf these simple halogen and
interhalogen intercalation compounds, ﬁhe physical evidence points
.cleérly to a smali charge transfer per halogen atom. It is

clear that the transfer of one electron brings about the inter-
calation of many halogen atoms. The bridging ability of the
heaviethalogens may well be a crucial component to this inter-
calating capability. But that capability alone cannot be
sufficient since iodine fofms such extended systems (e.g. I3-,
,‘17—) with ease and with appreciable energy benefit. It

Ig
seems that, in comparison with the other halogens, because of
'its larger size (and the resultant poor lattice.energy),l@&elegnﬁ-
negativity, and poorer energy of anion,formation, iodine is
unable to meet the energy requirements for opening a gallery in
graphite.

Although a large number of'halides have been reported to
intercalate into graphite, many of these are high-oxidation-
state metal halideS'which are recognized as stvong Lewis acids

le.q. @bCis,”NbCIS); Except for &hecies such as AuCl, , -which

3
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efer a square pléna:;geometry [106], the Ic values (e.g. 9.5;
for chlorides)indicate that the gallery contains a double layét
of halogen ligands. |

In a number of cases arguments have been advanced that the
guest species have much the same‘geomeﬁry as in the pure guest
precursor [3]. If this is so, the reason for intercalation is
not evident. It seems likely that in most, if not all, of such
halide intercalations, that anion formation may be a necessary
energy-providing step. The anion may be a very large, halogen-
bridged species bearing small dharge on a per-halogen basis.

The clearest indication that anions can be important, is
associated with the intercalation of the.Al, Ga, and In chlorides
and bromides. These halides intercalate into graphite only in
the presencé of excess halogen. The data for the Al and Ga
compounds in Table VIII show that the formation of the simple
MX4_ (g) species, is, in each case, highly energetically
favorable for larger specieé (MX3)n X, the energy libérated,'
per mole of électrons takeh’up in forming the anion, is
probably comparable to the MX4— case. Of cou;se, the larger
fhe anion, the sﬁaller is the lattice energy but then the number
of electrons to be removed from the carbon layers, for each
mole of JMXB' is also less.

It wi;l be realized that species such as MX3 (M= Al, G§§
X= Cl, Br) can only provide halogen for (MX3)nX- productibn by

reduction to a lower hafide. Such reduction is energetically
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wmfavorable for these halides. This may not be the case for
most of the higher-oxidation-state transition metal- halides.
Ferric chloride may be such a case.

In gpite of the considerable attention given to the graphite
FeCl3 system, it is not yet certain what the guest species are.
It is'cléar from Mossbauer studies [109] thatvthe iron is all
Fe III. Electron excitation studies [110] have also shown that
oneAelectfon.is transferred from the carbon layers for approxi-'
mately ten iron atoms intercacated. This implies that there must

be one extra chlorine (chloride) for every ten FeCl3 molecules

intercalated. Analytical data is scarce and there is not explicit

-

claim for a first—stagelckfFelo' Cl,, stoichiometry as far as

S—

~ the preSent reviewers are aware. The ther@odynamic data in
‘Table VIII do lend sﬁpport to the hypothesis that reduction of

 some FeClé to FeCl2 could provide the halogen for the inter-

calation of a complex (FeC13)ntC1- guest. The FeCl, would

presumably remain external to the graphite. Comparable redqx
schemes are also plausible for many of the other metal halides
- which are reported to intercalate spontaneously.into graphite.
Stumpp and his co-workers have succeeded in preparing a
largé number of graphite intercalation compounds from transport

of those halides by forming complexes with A1Cl, [114]. Schaeffer

3
has given a comprehensive survey [113] of the thermodynamic

features which form the basis of this vapor transport. Stumpp
) )
talide will only occur in the presence of free halogen. Again,

has noted thathin:magy.instances.intercalatioﬁ of the metal
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it seems that at least some guest—-anion formation provides the

energetic basis for the intercalation
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VI. INTERCALATION WITHOUT APPARENT OXIDATION OR REDUCTION CF

THE GRAPHITE |

In many cases the assumption has been made that the guests
within graphite galleries are uncha@ged. This is unlikely to
be so in the majority of cases but, there are a number of cases
where spontaneous intercalation of the graphite does not abpear
. to involve oxidation or reduction. |

A set of compounds which are in this catagory are the
noble-gas fluorides. Although these are powe:ful oxidizers, it
appears to be unlikely that they electron-oxidize graphite.
Thus Erypton'difluoride intercalates spontaneously and appears
to have an enhanced stability when intercalated. The graphite
KrF2 material is also a less extreme fluorinating and oxidizing

gent than KrF2 itself. Yet, reduced species such as KrF, can-
not be formed. Nor are épecies such as KrF3— very probable. It
appears that Ker must be present as the molecular species.

A related set of compounds which‘appear-to behav% similarly
to the noble~gas fluorides are halogen fluorides. These.which
intercaldte spontaneouély include BrF3, IF5 and IOF5. Most of
the work on these fluorides and the noble-gas fluorides was ini-

tiated by Selig and his co—ﬁorkers and a full report of the
chemical and analytical aspects of their intriguing graphite
intercalation compounds are given in the comprehénsive review
by Selig and Ebert [5].

It is perhaps relevant that in both thé noble-~gas fluorides
Aand the'halogen]fluoriaes, semi-~ionic bonding {117] occurs.

'Thus.Ker can be represented .as .a resonance hybrid of the canonical



orms (FKr)T F~ and F~(xzF)'. similarly BrF, can be represented
as the resonance hybrid of the canonical forms (F Br(F»+ F  and
FzBr(F)Ef. These semi-ionic bonds bestow large multipole
moments on these molecules. It is likely that they producev;
appreciable cioud perturbation in.the carbon-layers which
result in appreciable multipole-multipole attraction beﬁween
guest and host. Further insight must clearly await more:de-

tailled structural studies than have appeared so far.
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Table I Gallery'height data for graphite compounds of the more

electropoéitive metals

’ *%
Compound Stage Color Occupied 053 35* Metal-ion
: gallery (A) o diam.
height =~ (A)
;C(K) |
08K" 1 gold  5.41 2,06
C K 2 blue 8.77 | 2.07 . 3.02
C36K . 3 | blue 12.12 / 2.07
C,gK L blue 15.49 2.09
CgRb 1 gold 5.65 2.30 .
C.,Rb 2 blue 8.97 2.27
24 . !
CgCs 1 gold  5.9% 2.59 V.
| | _ oot 360
Czth ' 2 blue 9.25 : 2.55
C6Li 1 brass 3.73 - 0.38 Li+ 1.80
yellow
CcCa 1 pale 4.55 1.20 cat 2.28
: yellow
CeSr 1 yellow L4.95 1.60 sr2* 2,64
CcBa 1 yellow 5.25 1.90 Ba2 3.00
CcEu 1 yellow 4.85 1.50 { Eugi 2.61
‘ 1 Eu,, 2.17
CcSm 1 yellow L4.72 1.37 .{ Sm,, 2.72
: 'Sm2+ 2.20
Cem 1 yellow L.62 1.27 { T, , 2.34
' ‘ 1 Tm,, 2.0k
. CgYp 1 gold L.57 1.22 j Yo, 2. 36
} YT 2.02

* The metal spec1es nestle in the dimples of the carbon layers hence
Ic=3.35A should be less than the species diameter. &

**
R. D. Shannon Acta Cryst., A32, 751, 1976.
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Table II Easal Plane Conductivities for some Alkali Metal-Graphite

*
Compounds

* N - -] . - - V
Compound  Alkali *t/to oo(lohg l-'-cm l) ***oot/tc(loha.l-cm l)
stage (n) '
1 C.K 1.62 11 i 18
8 { 9 { 15
2 cth 1.31 12 ' 15
3 C36K 1.21 17 2‘0
1 CqRb 1.69 T8 T
2 Cthb 1.34 - | -
3 C36R'b 1.23 | 15 18
I ChBR‘b 1.17 19 22
1 CoCs 1.77 (11 20
8 18 4( 15
2 ceth 1.39 12 | 16
3 c360s 1.26 | - -
L chscs 1.19 1k | 17

¥ reference 51,
¥* t/t, = ideal c axis expansion from the formula t/to, = 3-35(n—l)+Ic

3.35n
¥¥% 5, normalized to account for thickness t, having.the same number of
carbon layers as thickness t.
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- Table III, «$n€éreéia$éd~gallery spacings for some strong-acid salts.

i - 0, . C,SO_F C O.F C 0
g;;;zl:tige C8Hps 4 703 | 7HtS 3 8HtCl L Ch,3HxNO3
reference -~ [59] [65] [65] {591  [59]
o . : : . :
I,(4) 7.98 T.73 8.01 7.85 7.8

¥ pr1l+2/3;t=2/3; x=5/6
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Table IV. " Intercalated-gallery spacings for some compounds with oxides.
. reagent .SO3 01207 NZOS

reference [3] [3] . [63]

graphite compdund_ . C_ S0 c., C1.0 Cy, N, O

formula 5n 3 1l2n~""277 8n 275

stages . 1,2,3 1,2,3 2,3,k

o] .
Ic(A) 7.96-7.90 7.9257.80 7.8
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1

mble V. Electron Affinties, A (kcal mole ~), of Third Transition

Series Hexfluorides and their Graphite-Salt Limiting Compositions

WF - ReF OsF PtF

6 6 6 6 6
g14d 1072 1352 : 1612 1882
e,f e e
+ =S oo = ++ -
cgtosF, cg'TrF, cy, PP,
MoF6 ,UF6
117° 1132
c J
CgMoF CyUF

6) The oxidative chemistry of the third transition series hexa-
fluorides had established a smooth increase in oxidizing capability
from W to Pt and Bartlett [69] had estimated that the electron affin-
ity increases by ~1 eV for each unit increase in atomic number
across the series. There has, however, been much uncertainty about
the abéoiute valués of the electron affinities A(MFG), some of this
unceftainty springing from uncertainties in evalﬁations of lattice
*ptr ~. Here, we have, for

2 6
the,finst time, tied~A(ME£)fto A(UEG). Two independent measurements

energies for salts, such as NO+MF6— and O

for A(UF;) give 113 [70] and 117 711 kcal mole™ . ‘The former value

‘derives from ion-cyclotron resonance :studies, from which studies .a
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| Table V cont'd
rather precise value-is also available for A(WFG), hence we take it

as our fixed point for A(UF6). Calorimetric studies [72] give AH° (NO(g)

ot = _ -1 . s
+ UFG(gf——v NO UF6(c)) = 52‘kcal mole ~. Since the first ionizatin
potential, I(NO), is 213 cal mole“l, and A(UFG) = 113 kcal mole-l, it

follows that the lattice energy U(NO+UFE(C)) = =152 kcal mole-l. A

similar calorimetric study [73] has_givenz&Hq(Oz(g) + Pth(g)'—*

O PtF = =60 kcal molefl. Therefore, because U(02+PtF;(c)) must

6(c)’ _
be slightly more exothermic than U(NO+UFE(C)), since PtFG- is smaller

T, the electron affinity of PtF6 must be slightly greater

than UF6

| NoTurFS —AH° = -
than I(OZ) + U(NO UFG(C)) AH (OZ(g) + PtF6( f—> O PtFG( )) (278
152 + 60) kcal mole—l° Accordingly we set the electron affinity of

PtFG at 188 kcal mole-l. Since A(WF6), derived from ion-cyclotron
resonance studies [74], is in harmony with less precise evaluations [69]
from other experiments, and is also compatible with the known oxidative
chemistry of WFG' we accep; this value as our other fixed point for

the third transitibn>series. The estimates of A(MFG) for-PtFG, OsF6
and IrF6 have been derived, assuming a smooth increase with atomic -

~ number of M, between A(WFG) = 81 kcal and A(PtFG) = 188 kcal mole_l.
Although the lattice energy U(02+PtF6(c)) = =154 kcal-l is higher than
that derived from a Kapustinskii lattice energy, the A(MFG) based

on the higher lattice energy are in excellent agreement with the known

oxidative chemistry. (b) ref 75 (c) ref 76 (d) ref 74 (e) ref 64

(£) ref 20 (g) ref 77
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Table VI. Enthalpy changes for the formation of some fluoroanions:

AH(mx(g) + 1/2F2(-g)——-> MF 4 1;(g))[83]

MF " BF PF, AsF SbF

x - 3 5 5 5 6
MH(kcal mole )  -155 -158 2170 193 -141

references 86 87,88 87,20 87,89 90

Table VII.  Enthalpy changes for electron-oxidation by Group V penta-

- fluorides [91] (values in kcal mole_l) o
' P As Sb

° - - N2 < - . < - -
(1) AHC(MF, + Fy + 2e7 > 2, ) < =316 < =340 386
() MHOMF., « > MF, « +F., ) 152> 98C 90¢
. 5(g) 3(8)_  "2(®)7 -
o - - - - .‘ < - .
(3) M (3MF5(g) + 2e ~ ZMFG(g) + MF3(g)) < =164 f_‘242 < =296
Electron affinity (agcdrding to
eqn. (3)) i

82 > 121 > 148

v (a) See Table VI; (b) ref. 92; (c) ref. 93; (d) ref. 94
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Table VIII. Some enthalpies of formation for halide and complex

halide ions (kcal mole_l)a

X: : F Cl Br I

o - - - - : o e =
{ . - - - -
AHg ‘XZ(g) + e X(g))_° 64 57 58 56
- Al Ga
AHO’%M cl + %Cl, + e  MCl,,..) Igsb ;gf;
MyCle (g) 27 € 4(g) | |

3
Reported limiting compositions of

c
graphite compounds ' C9A1Cl3.5 C9GaC1325
H (MB + %Br. + e~ FeCll, ) 133 b 128" b
F3(g) T P2 7 © €“14 (qg) |
Fe®
AH(FeCl3(g) + %c12 + e FeCl4(g)) .-161
AH(FeC13(g) FeClz(c) + %Clz) +22
‘AH(ZFeCl3(g) FeClz(c) + FeCl4(g)) =139
a: ref.103; b: ref.l07; c: ref.l08; d: ref.109;
e:. Calculated from the enthalpies of reaction of KCl(c) or
NaCl(c) with FeCl3(c) to make KFeCl4(c) and NaFeCl4(c) [ilé],

the lattice energy of NaCl [113], and a Kapustinskii radius
of 3.58A [i141. If the radius is lowered to 3.18A the
lattice eenergy is increased and the chloride ion affinity

of FeCl "is decreased by lsikcal.mﬁle-l,

3(9)
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FIGURES

3(a)

3(b)

“Unit cells for ordered C6M' and C

Staging invgraphite intercalatioﬁ compounds.

(a) Fragment of a graphite layer and (b) layer-layer registry

in different graphites.

The unit cell and first and second Brillouin zones for a single
graphite layer. (The first Brillouin zone ié a hexagon whose sides
are distant 1/ v/3a, from its center. Only at each point of this |
hexagon is there zero energy gap with the second Brillouin zone.)
Electron energy levels (at 0°K) in a single graphite carbon layer,

in pristine, reduced, and oxidized condition.

‘The domain model for graphite staging: (a) staging (b) interaction

of elastic dipoles.

8

guest species in sites o in one gallery those-in succeeding galleries

M intercalation compounds. (with

may, or may not, be in sites B, Yy or §).
Alternative packing arrangements for (a) tetrahedral species

(b) planar NO ‘Species.

3

Projection into (001) plane of a Cz4+1{804-2H2804 structural modifica-

tion (after Rudorff 59). The full c axis sequence of guest layers
is 1,2,3,1,3,2,1.

Ordered structural arrangements for (a)'CBMF6'(b) ClZMF6 and (c)

Vappropriate close-packing of guest models for (a) and. (b).



62

first = second - thir

represents a carbon layer

represents a guest species in an
occupied gallery -

Figure 1. Staging in graphite rintercalation‘compoﬁnds.
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Figure 2. (a) Fragment of'é:graphite'layer and (b) layer-layer

registry in different graphites.
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Figure 3(a)
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valence = conduction

Reduced
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Figure 3(b). Electron energy levels (at 0°K) in a singlé graphite carbon’
- layer, 4n pristine, reduced, and oxidized condition.
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Figure 4. - The domain model for graphite staging: (a) .staging

‘(b) interaction of elastic dipoles.



67

CgM'

‘Figure 5. Unit cells for ordered C/M' and CgM intercalation compounds .-
(with guest species in sites.Q in one gallery those in succeeding

galleries may, or may not, :be in sites B, Y or &).
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' Figure 7. Projection into (001) plane of a C24+HSO4‘_2H2804 structural

modification (after Rudorff 59). The full E_axis sequencé

of guest layers is 1,2,3,1,3,2,1.
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