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I. 	INTRODUCTION 

The first intercalated compound, graphite sulfate, was described by 

1 
Schauffauti in 1841. Intercalation of graphite involves penetration of 

guest species between the carbon layers with consequent expansion of the 

- 	graphite in the c axis direction. Intercalation usually proceeds in stages 

(see Fig. i). The region between adjacent carbon layers, which may be oc-

cupied by guest species constitutes a gallery. The known intercalating 

reagents are numerous. They range from strong oxidants to powerful reduc- 

2 
tents. The metallic electrical conductivity of many of the intercalated 

graphites and the possibility that they might be used to store and trans-

port electricity, has quickened interest in them. These compounds also pose 

important fundamental questions, which advances in synthetic tecbniques, 

physical measurements and theory have made timely. There have been several 

comprehensive recent reviews devoted to graphite intercalation compounds, 

of which those by Herold, 3  Ebert, and Ebert and Selig 5  deal thoroughly 
6 

with structural and chemical aspects of the compounds. A review by Fischer 

is from the perspective of a physicist. There have also been two recent 

conferences 7,8 devoted to intercalation compounds of graphite, the con-

ference proceedings of which collect much of the current work in the field. 

In this review we shall not provide an exhaustive survey. Instead, we shall 

select certain systems which have been studied extensvely. Our aim is to 

indicate principles which may 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 

ctegories. At the outset., hpwever, it is apprpri:ate tG 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 preparation of 

intercalation compounds, and even the size of the graphite crystallities 

have important influences on synthesis. Hooley 9  has documented such in-

fluences and has demonstrated that graphite specimens of a given quality, 

which are thin in the c 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-linking of the layers) do intercalate less readily 

than those which are more perfect. On the other hand, for reducing inter-

calants, such as the alkali metals, the available experimental evidence 

indicates that inter-layer cross-linking appears to aid intercalation. 
3 

This has been attributed to lowering of the Fermi level by the cross-linking. 

It must be remembered that when intercalation occurs, some of the 

defects of the parent carbon may carry over into the intercalation compounds. 3  

Such defeats can have gross impact upon physical properties such as elec-

tron transport. tibbelohde has discussed such effects on charge-scattering 10  

and the 'ordering of intercalants. In carbons in which there are many link-

ages between carbon layers (such linkages are referred to by Ubbelohde1°  as 

'rogue bonds') intercalation of bulky species can only proceed if such bonds 

10 
are broken (indeed, Ubbelohde 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 
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obtained by the pyrolysis of solid organic compounds and include glassy carbons 

and polyvinylidene cokes. Tese are often highly porous however, and physical 

absorption can readily occur in them, and this may occasionafly be confused 

with intercalation. The pyrolytic graphites made by the pyrolysis of liquid 

organics11  can also be rich in defects, unless they have been well annealed 

at 30000C. The highest quality graphites, and the most satisfactory for 

intercalation studies, are obtained by the pyrolysis of small molecule hydro-

carbons at ".. 30000C.12 High temperature annealing again improves crystal-

lite perfection. 

B. Bonding in Graphite 

A fraent of the infinite two dimension network of 	hybridized carbon 

atoms of a perfect graphite is indicated in Fig. 2(a). The bonding 

of the carbon atoms of the planar sia-bonde;d layer (ab plane) is enhanced 

by the it bonding, derived from the combination of the p orbitals provided 

by each carbon atom. Sinceeachpairof it electrons in the graphite carbon 

layer contributes to the bonding of three 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 dianond. Indeed, the carbon layers are pbysieally and chemically 

robust and appear to remain planar even when reduced oroxidized. The ad.-

dition of electrons to the conduction band (anti-bonding it orbitals) or the 

removal of electrons from the valence band (ir orbitis) decreases the bond-

mg in the layers. Small changes in the ab plane dimensions therefore do 
3 

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 1. 



Since the layers are merely van d.er 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 

step, 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 P z  orbitals of the 

carbon layers was given by Wallace 13  in 1947.  There have been a number of 

significant refinements since then which are important in accounting for 

optical, magnetic, and electrical properties.' 15 As far as intercalation 

chemistry is concerned, at lease at the outse,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 

shown in Fig.3( (x) 4  It must, however, be remembered that the three-dimen-

sional pristine graphite situation is more complex than the one we 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 overlap .16 of approximately 0.0 11 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 " _]
4 

10 carrier/carbon atom. Both carriers contribute to the 

electrical conductivity. T1je. teet , cci'datcn or redction on the. band 

oceiacy of the i aated carhon.layer .t1 



For the single layer, as, shown in Fig.3(.) the Brillouin zone is a hexa-

gon. The combination of the p z  atomic wave functions gives the two it bands 

(the valence band and the conduction band) which are degenerate only at the 

six Brillouin zone corners.13  There is no overlap of these bands, nor is there 

a band gap. At 00  K the valence band is filled and the conduction band 

empty, therefore, the Fermi level is at the point of contact of the b.ands.jee Figure 

15 	 3(b)j 
The width of each of the it bands 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 character of the it 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: t 	.jenajQnai.odel for theband structure may be a satisfactory ap- 

proximationfor first-.stage graphite compounds, when the intercalants are large 

closed-shell species, which provide for no effective overlap of orbitals 

with the Pz  orbitals of the carbon layers. It may, therefore, be valid for 

the graphite salts in which stable anions such as NO 3 , C2,0, HS0, and 

AsF6  are intercalated between layers which bear net positive charge. Cer-

tainly the measure of the a.nisotropy of the electrical conductivity given 

by aabkc  indicates17  that such salts are more two-dimensional in cond.ucti-

vity than is pristine graphite itself, where experimental values for a b/ac 

range from 102 to 10 depending upon the quality of the graphite. 

In the cases of graphite compounds where the inter.caiant.s possess 

vacant or partially filled orbitals, their overlap with the Rz  .orhitals 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 therefore i,s uxilikêly that such a simple model 



can be applied to the graphite compounds of the alkali and alkaline earth 

metals. The enhancement of c 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 

and the Pz  orbitals of 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-inagnetic. radiation are linited, 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 ".' 1000 X of the 

sample can be exciteã.l8  Similar difficulties may arise in NMR spectros-

copy although the information from the surface regions is often valuable. 19  

Highly penetrating hard x-rays can measure bulk structural features, and, 

in the neighborhood of an absorption edge, diagnostically valuable chemical 
20, 21 

shifts and EXAFS data can be obtained. 

It is often difficult to obtain well-ordered single crystals of 

graphite intercalation compounds, therefore high-quality structures are 

rare. Structural information from 00k data is relatively common however, 

since structural ordering with respect to the C 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 microdoinain 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 asAB (or ABC). Those 

graphite layers which contain an ocdupiei gallery are commonly eclipsed If an 

intercalated layer is represented by a vertiáal stroke, a shorthand repre- 

sentation for a fist-stage compound, with the carbon layers eclipsing in 

the c axis direction, is AIAIA. . A second-stage compound might be 

AB BA lAB, etc., and a third stage ABAjABA IABA... 

Energetics of Intercalation 

• 	Since the energy of binding of carbon layer to carbon layer in graphite 22 

is approximately 1.5 kcal mole-1  , the separation of 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 becoming guests 

in a highly-ordered arrangement. The interaction between guest 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 the 

Coulomb interaction consequent upon the guest species either oxidizing or 

reducing the host.23 Graphite is relatively easy to oxidize or reduce. For 

the graphite compounds derived from the heaviest alkali metals (Section IVA) 

and for those containing hexafluroanions (see Section VC ), thermodynamic 

factors have been quite well defined. Thermodynamic factors appear not to 

be the only obstacle to synthesis, however. 9  

Mechanisms of ittercalat ion 

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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Hooley9was the first to demonstrate that Br 2  intercalation is determined 

by basal plane &d5  orption--no intercalation of bromine occurs if the basal 

planes are covered with wax. He also showed that 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 (LED) study 2  indicates that a mono-

layer coverage of the (001) surface with bromine precedes gallery opening. 

An x-ray absorption study 25jndicates that molecular bromine lies flat on the 

surface at pressures corresponding to near monolayer coverage. The bromines 
0 	 0 

lie 2.53A above the carbon plane with a Br-Br distance of 2.3lA. Polarized 

EXAFS measurements26on  dilute intercalated samples show two different Br-Br 

distances at 2.34 and 2,53A. The latter distance is consistent with the Br 3  

ion. 

Young has postulated 27an electronic effect to explain the action of 

.asorption of Br2  on the (ooi) plane in opening a gallery as far away as 

700 A from that surface. Filling of that gallery causes others to open 

both, closer to, and further from, the basal plane. Hence gallery opening 

progresses from the basal plane. 

28 
The domain model first proposed by Datmias and Hrold, which is rep- 

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

studies of the graphiteFeCl 3  system. 29  The model provides for an understand-

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 ras from one gallery to another, 	
-41 

 

by which the guest species can be sent from one to the other. With this model, 

I 



11 

30 
and from consideration of the effects of elastic coherency istrains, Safran, et.al 

have provided an explanation for staging. In their analysis, each guest is re- 

presented by a couple of forces with zero moment, which extend the gallery from 
0 

the original height of 3.35 A. These elastic dipoles are illustrated in Fig. 4(b). 

When two such dipoles 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 the typical staging periodicity (Fig. 4(a)). These 

strains drive a mixed-stage or randomly-staged crystal to pure-stage ordering. 

It seems quite probable that all intercalation into graphite involves 

adsorption of guest molecules, initially on the basal plane (001), accompanied 

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

being much the same as described for bromine. 

D. Electronic Properties of Graphite Intercalation Compounds 

Most studies of electronic properties of graphite intercalation compounds 

have been made to further our understanding of their highly anisotropic metal- 

31 
lic conductivity. In spite of its over-simplifications, the Drude model pro- 

vides for the relationship of the specific conductivity Cr to the number of 

carriers n. The relationship is: 

	

length 	
= 2 ) 	

ne I 

ohm x cross-sectional area 	* 
in 

* 
¶ being an averaged scattering or relaxation time, and in is the effective mass 

of the pxedominant charge carrier, defined by 

2 
Ti _ .i. 'E 

'rn 	2 3k2 
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where the E vs k contour of the band structure is known. Thus one has the 

variables n, T, m*, and the 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 theory calculations, with such in-

formation, can, in principle, yield n and m*.  The dependence of the 

electron energy, E, upon the vector k is illustrated for the two-dimensional 

Brillouin zones of graphite in Fig.3(a).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 virtually all cases, conductivity measurements have not been inter-

pretable in terms of microscopic parameters. 

Comparisons of published data among several groups and among various 

compounds leads to different values of these parameters even for nominally 

equivalent material. Many measurements have been made using 

different qualities of graphite, which makes comparisons of a difficult due 

to the unknown impact of deRectro r  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 measuring a are used. Most early workers used 1I-probe bridge 

measurements. 32  Zeller, et al, 33have shown that a contactiess 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. Thecontactless measurements also indicate that the earlier 

a values from li-probe techniques may have been under-valued. 1  
ab 

The conventional a values for intercalation compounds of course involve 

the cross-sectional area across which the carrier flux passes. For ab,this 

involves the thickness of the sample along the c axis. However, this cross-sec- 

tional area grows as the a axis expands and the unit area has fewer carbon layers. 

Most investigators re-normalize their afor various stages so as to always 

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

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- 

fuJ. to compare the a normalized to a constant number of carbon layers. This
ab  

can be obtained conveniently by multiplying the ab  value by the relative change in 

thickness t/t 0  as measured along the c axis. 

IV. INTERCALATION WITH GRAPHITE RUCTION 

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, 

lanthanid.e, and transition metal compounds are little investigated. To our 

knowledge, only one review has been devoted sOlely to the alkali metal inter-

a1ate,35althoug.h they have been Ioroughy disus:e in oth r major 



lii. 

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 graphite at 200 0 , 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 speculation 3Tthat the ionization 

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 (1.18), and 

Cs (3.89) lie below the electron affinity of graphite, which has been esti-

mated 8to be 4.6 eV, while Li (5.39) and Na (5.1 14 ) lie above the affinity of 

graphite. 

The conditions of synthesis of the alkaline earth 39 (Ca, Ba, Sr) and 

lanthanide (Eu, Yb, Sm, Tm) 1°intercalates 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 N (K, Rb, Cs) and M' (Li, 

Na, Ca, Ba, Sr, Eu, Yb, Tm, Sm) in synthetic conditions also carries over to 

their composition and staging. The first-stage C 8N and higher-stage C12 M 

compositions contrast with the first-stage C 6M' (except Na). The second-

stage lithium compound appears 3  to be of variable composition C12L1 - C18Li, 

No pure higher-stage materials C x 
 M' have been obtained. 

Table I gives the structural par.ametrs for these compounds. The 

experimental values for the unit cell c dimensions yield carbon layer-guest-

caibon layer distances, I '  which 'are compatible with cationic guests. 

!n&eed the .effective €uest diameter .htainedb 	 c 1 rhn layer 

thickness of 3.35 A from Ilcis  often less than the diameter o± the guest 
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as a cation. This may simply be a consequence of the guest species nestling 

in the centers of 	hexagons of the carbon layers. The heavy alkali metals 

do not form a simple one-gallery-height c-spacing in the C 8  M composition. 

The unit cell within a gallery is shown in Figure 5. This unit cell allows 

for any of four sites to be occupied. In low temperature forms of C 5K and 

C8Rb, all four sites are occupied sequentially in consecutive layers, such 

that the c-spacing is four times the interlayer distance. This c-axis 

ordering is denoted ActAAyAô, where the A.A.A represents eclipsing graphite 

layers. In C3Cs, however, it is claimed that only three of these sites are 

occupied, the layering sequence being AczAMy. In all C 8  M compounds, the 

c-axis ordering changes as a function of temperature, and at high temperatures 

ordering from on gallery to the next is lost. In the C 6Li compound, the unit 

cell provides three equivalent sites (Figure 5). Apparently the Li occupies 

one site throughout the structure and the c dimension equals the interlayer 

spacing. Parry and Nixonhave examined higher stage C 12  14 compounds, and 

found that graphite layers eclipse one another across a metal gallery, 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 C 
6  M compounds (N = Ca, Sr, Ba, Sm, Eu, and Yb) has been obtained.' 

It seems that the metal layer sequences may be MAaAa (as for Ca) or 

AP43ActA8... (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 states 

among the lanthanides. Magnetic susceptibility measurements on these coin-

pounds have not been made to confirm that the metals are M2 . In all these 

cases, though., it is doubtful that the metal has been cQmplet.e3y oxLzed by 
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the graphite. Metal-metal bonding may well occur between the guests in these 

compounds. 

B. Ternary Systems 

Knowledge of ternary systems has come chiefly from the work of Hérold 

and his coworkers.2 Intercalation of mixed metals from molten alloys 

include Ba-Na, and pair-wise alloys 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. 43 This 

behavior paraflels the apparent instability of CNa  compounds. In the phase 

diagrams for the binary alloy intercalates, the interplanar spacing remains 

similar to that for the compounds of the pure components near the metal-rich 

extremes. 	Over a particular composition range, the interplanar spacing 

changes by several tenths of an 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-

ment should clarify the situation. 

In the graphite Na-Ba system, at a composition C8Na2Ba, the gallery 

height and composition imply1  that 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 compounds involving Hg sandwiched by K or 
46 

Rb (first-stage C4IIg, 	 and second-stage C 8KHg) are also known. 

Herold3  has assigned formal charges C 	Hg K C to the metal layers (although 

metal-letal bonding would eliminate the presence -of. isolated Hg). Perhapth the Hg 

at 	sandwiched between the alkali cations are somewhat positive. Positively 

cImrgederury would be -smaller than neutral or xrEgtively  harged mercury.. 



Another class of ternary compounds is the graphite-alkali-hydrogen 

compounds. A first-stage C 8K, when treated with H2 , forms a second-stage 

material of composition of 	 In the latter, a gallery contains a 

K-H-K layer sequence. T The action of further alkali metals on this product 

produces a new "first stage" where the added metals enter the empty galleries. 

Within these galleries, the newly added metal forms the usual C 8 M type gallery. 

Lithium removes some of the hydrogen as LiH, without intercalating, while 

Na does not react. Higher stage C12 K can also be "hydrogenated" to form 

compounds with K-H-K.layers. For these sandwiched hydrogen compounds. it seems. 

likely that the hydrogen is hydridic. 

A third class of reduced ternary intercalation compounds is derived from 

solution (NH3 , ThF, aromatic compounds) of metals (alkali, alkaline earths, 

lanthanides, alu1ninu1n).l2 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 compound in which both 

benzene and sodium are intercalated together. 8  Two models have been proposed. 

In one, the benzene ring lies adjacent to a graphite layer and parallel with 

it. The sodium ions are assigned as sandwiched between the benzene and the 

other graphite layer. In the second model, the plane of the ring of the 

benzene molecule is set perpendicular 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 

IT 



18 

benzene rings will screen thesodium ions from one another. 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 9  and pose important questions concerning their forinu 

lation and bonding. It seems likely that many more such novel combinations. 

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 diaina.gnetic susceptibility of the graphite is 

1 9 
lost and a small Pauli paramagnetism arises. Electrical conductivity increases 

ten-fold in the ab plane, and approximately two hundred-fold along c at the 
28,50 

first stage. The a-axis conductivity levels off 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 the c axis direction which ac 

companies interca1ationshows that the conductivity par plane is nearly con-

stant, (see Table 11).,  The c-axis conductivity increases monotonically up to 

saturation. 

18 From Rainan studies of the carbon.-1ayer vibrations, Solin has provided 

persuasive evidence that the charge transferred to the carbon, from the heavy-

alkali guests, is largely confined to the layers containing the metal-atom 

layer. 

One of the more significant measurements has proved to be that of the 

52 
Hall coefficient of these materials. 	In the reduced graphite e.g. C 36K the 

l.a negatiye. in sign, indicating that electrons are the carriers. 



The negative sign. also is clear electronic evidence that the graphite 

is reduced. There exists some evidence that RH for C 3K changes sign at very 

low temperatures (below TT K). 53  This evidence gives some support to the 

view that C 8  K may actually be a semimetal with both electron and hole carriers. 

However, further work is needed to confirm this proposal. 

In order to measure the density of states in the first-stage compounds, 
51, 55, 56 	 5556 

magnetic susceptibility 	 and heat capacity experiments 	have 

been performed. The density of states value, derived from heat capacity 

ieasiirementa, differs by a factor of two from that obtained from magnetic 

susceptibility data. The heat capacity data appears to be in better agree-

ment with band  'calcu1ationS 7  Electron-phonon coupling has been invoked to 

explain the departures from theoretical expectations 5  A strong coupling 

of the electrons with the lattice is clearly occuring below 10  K, when these 

first-stage compounds become superconducting. 

In summary, the electronic properties of the CM  compounds are con-

sistent witir reduction of the graphite. In the 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 group 58 ' 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 

plane conductivities of these salts, 60 ' 61  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 oxidation. (e.g. by 

nitric acid) but anodic electrochemical oxidation has also been 

used. The latter has permitted accurate coulometry 60 ' 61  to be 

applied to the synthesis of the salts containing HSO 4 . 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 4 X2HX 

(x=Cz0 or HSO 4 ), and for nitric acid C 4NO3 3HNO 3 . There appears 

to be no reason why any strong-acid anion (except, perhaps, very 

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 oc.cupied gallery "height, I in the salts is 

much the same for perchiorate , ti:sulf'ate and some of the •ni t:rates 

Indeed the value of '7.9A,. and the stoichi:ornetries, are copat1e 

with a rather close-packed doible layer of i=ygen 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 cannot be parallel to the 

carbon, layers, in those salts for which I 
C 
= 7.8A. Recently Touzain [62] 

has used OOk powder data to support the model represented in 6(b). 

He concludes that the stoichiometry should be C43nHXNO3  (x=5/6) 

in these materials. The newly described 63  nitrates having Ic=6•55A 

obtained from the I=7.8A  material, by desorbtion of intercalant, 

appear to obey a staging formula C8n(H)XNO3  (x4(l but not defined). 

This gallery height is consistent with planar NO 3  species lying 

parallel to the carbon layers. Figure 6(c) shows possible ordered 

arrangements. The conversion of 	to Ic6•55A  material must 

involve loss of HNO 3 . As these neutral molecules (which serve as 

dielectric spacers for the NO ions). leave the galleries, the 

repulsive interactions of the anions should favor the structure in 

6(c). A further factor favoring a small Iwhen  there is a'large anion 

fraction of guests 1is the increased coulomb attraction 

between guests and carbon layers. 

The C 8 X formulation is the same as that observed 20 ' 64  in the 

close-packed first stage h•e.xafloridejntercaiated C 8MF6  •(.MAs, •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 Rudorff 59  

had in•diated that the ue'st .d±spos:Lt±o. in :ë qaIlvery. ±s Tsensed 

by gues t•s in neighbox.inq gaUeries.. Thus the tisuUate 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 studies 60 ' 61  of bisulf ate, perchlorate and 

nitrate intercalation, done in concert with Hall coefficient measure-

ments, Ubbelohde and his co-workers have demonstrated the E  type of 

conductivity of these materials. They have also shown that the salts 

are very good ab plane conductors, having specific conductivities. 

comparable withdr:higher than that of aluminum. The 

conductivity in the c-axis direction is usually much lower than in 

pristine graphite, although the values clearly depend upon short-

circuiting by defects which link the carbon layers. Indeed, as 

Ubbelohde has discussed, °  defects are an important, source of 

scattering of the charge carriers. 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. 

An approximately tenfold increase in .aab  has been noted10  for 

graphite nitrate, cooled from room temperature 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 the use of mineral acids in the synthesis. 

Thus, peroxydisulfuryldi.flouride, S 206F2 , will oxidize graphite 

spontaneously 65  to produce a material of approximate formulation 

C SO F. This is an inferior .b plane conductor to related 7 3 

material C 7  '('S03F) 1/3  (H'SO3F)  2/3  made by treating graphite w±t'h an 

appropri ate •miture of S 20 6F2  and HSO 3F. .i Is fl' clear *Iy 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 C 7SO3F is not. In the 

acid salts, proton mobility 66  must result in haphazard and fleeting 

charging of the guest species. This, and the relatively low positive 

charge per carbon layer, 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 observed 64  in C+MF6  salts (See V C..) 

B.. Intercalation of Oxides. 

Claims for the intercalation of a number of oxides into 

graphite have been advanced, 3 ' 5  but definitive identification of 

the guest species is generally lacking. The similarity of the 

values for the N 2O5 , C1 20 7 , and S03  derivatives (given in Table IV) 

with the I values for the acid anion 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 species. 

It does seem likely, however, that at least some electron-oxidation 

of the graphite and guest anion formation has occured, to .provi..de 

the driving force for the intercalati.on. This is plausible for the 
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N  2  0  5  and C1 20 7 , for which oxidation by the following reactions 67  

might occur: 

N O 	e 25(g) 	+ (from C) ~ NO 2(g) + NO  3(g); 
° 	-76 kcal mole 

C120 7(g)  + e (from C) + 	(do3) (g) 	+ C204(g); 	MI° 	-159 kcal mole 

The case for SO 3  oxidation of the graphite is less compelling but 

the possibility, of the intercalation being initiated by some poly-

meric anion formation is great. A general equation for such a re-

action is: 

(x + 3)S0 3  + 2e (from C) + 03S.O.(SO3).eO.SO32 + SO2  

Some high oxidation-state transition metal oxides (e.g. Cr0 3 ) have 

also been reported to intercalate. Electron oxidation of the 

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

fluoride into Graphite 

High carbon-layer charges have been produced with the inter-

calation of hexafluoroartion species such as MF 6  (M = P, As, Sb, Os, 

Ir) and M'F 6 2  (N' = Ge, Sn, and Pt) the limiting formulations being, 

respectively, C8IF6  and CWF . All these salts are blue. .$t.es. in'vo]- 

ving the third-transition series hexafluorides have demonstrated [64] 

that a hexafluoride must have an electron affinity of at least 108 

	

kcal mole 	if it is to spontaneously and oxidatively intercalate jI.. 

to pristine graphite. 

Data for the third-transition-series haxafluorides and relatives, 

are given in Table V. Since the haxafluorides are very similar in 

size [69] the coulomb energy for any salt C$MF 6  will be essentially 

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

Cx±MF6 , the only term affecting the enthalpy of formation which 

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

The inability of WF 6  + ReF6  to oxidize and intercalate graphite 

can be attributed to the lower electron affinities of these molecules. 

(ReF 7  does intercalate, and WF 6  and ReF 6  each intercalate in the 

presence of fluorine to yield MF 7  salts.) Magnetic susceptibility 

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

mium, iridium and platinum salts are, respectively, C8+OsF6, 

+ 	- 	2+ 	2- 
C8  IrF6  , and C 12  PtF 6  . 

The essentially close packing of the hexafluQospecies, in th 

galleries of the CY 6  cases, is required by the unit cell which is 

i1iustated in Figure '8 a). It is probable that the less close- 
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packed situation pertaining in C12PtF6  (see Fig. 8(b)) is a consequence 

of the combination of the greater work function required to produce 

C12 (as compared with C8+) and the considerable repulsive inter-

action of the PtF 6 2  ions in a close-packed configuration. Note 

(Figure 8(c)) that each species has six nearest neighbors in a 

C8MF6 - type close-packed configuration, but only three in an ordered 

C12MF6  arrangement. 	
0 

The first stage materials are obtained, at 20:.,, 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 C 12  to C8NF 6 . The staging formula 

for the highest stages is, however, C 12 NF6 . This is probably a 

consequence of the large repulsive interactions which the close-

packed C8 I1F 6  formulation requires (see Figs. 8(b), (c)). It appears 

then that the energy expended in opening another gallery is less 

than would be lost in adopting a C 8 NF6  packing rather than a 

C 12 MF 6  packing. In the former each anion would have six nearest 

neighbors, whereas in C 12 MF 6  there are three near neighbors only. 

The first stage osmium and iridium compounds do not conduct 

electricity E781, 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 

from OsF 6  or IrF 6 , the ab values are approximately an order of 

magnitude greater than for graphite itself. Bartlett et. al. [64 

have pointe:d out that the lower conductivity in the imore highl 

ch.aed graphites may be a consequence of distortion of the carbon 

I-aye rs They note•eventiraI loss of crystaiiiiity in C MF 6 	(M = 

Os., 1±) • When ftesb'ly prepared and kept zt,  ilow 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 crystallinity 

is lost within a few hours. The salts C 8MF 6  (M = P or As) can be 

made [79, 80] by treating graphite with a mixture of the penta- 

fluoride and fluorine 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 pentafluoride relative, C 8AsF5 , 

which is comparable with aluminum metal 178, 81, 82. 

It is.not possible to intercalate, BF3  or PF 5  or WF 6  alone into 

pristine graphite. Evidently,as Lewis acids ,their interaction with 

graphite flclouds 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 eviden-

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 to form A5F 6 . Bart-

lett and his coworkers [78, 80, 96.1 have shown that for stages 

the limiting composition of these fluorine-rich systems is C 12 AsF6 .F. 

The fluorine cannot be removed under vacuum but it can be titrated 

with AsF 3 , to form an AsF 6  salt: 

3C AsF .F + .AsF —...4C AsF 4y 	6 	'3 	3y '6 

-: 	and with an equimolar quantity of A-sF 3  there is complete conversion 

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

from graphite and AsF 5 . The interaction is evidently: 

.F 4. A.F 3  -- '3cjAsF5. 
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The extra fluorine for the C 12 AsF6 .F occupies only those 

galleries which contain AsF6 . It seems likely that the fluorine, 

as F, is located in the vacancies available in the C 12AsF 6  gallery. 

Since each of these vacancies (see Figure 8 (b), (c)) can accomodate 

an A5F 6  (as in C 8AsF6 ) 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: 

C122+AsF6 . F. 

Thompson et.al . [78] have found that the C12 AsF 6 .F materials 

are poor ab plane conductors and that their reduction by AsF 3  'rleads 

2+ 	- 
to conductivity enhancement. This low conductivity of C 12  AsF6  .F 

parallels the low conductivity noted for the first stage C 8 MF6  salts 

and those derived from PtF 6 2 . 

These discoveries are pertinent to the long standing problem 

of the non intercalation of elemental fluorine in pristine graphite 

3, 9].  It is clear that fluorine is unable (unaided) to open a 

gallery and this continues to be the case for C 12A5F 6 , which will 

only take up fluorine (C 12AsF 6  + ½F 2 --C12AsF 6 .F) within the occupied 

gallery. Perhaps (to follow a suggestion of Hooley [9],F formed 

at the opening to a gal1erybecome 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 density. [971.. One 

close to a somewhat positively charged carbon atom, the progression 
•0. 

to another carbon (at least 1.42A distant) requires appreciable energy. 

It may be €hat, with the A'sF 6  in ,ttendance the progress ion 

into the oc:1  led galleries is.. aided by ;te fleting format ion of 

.specied such as ,:AsF 72  , 	eii 	Such speci:e.s, ith their 
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overcrowded coordination spheres would slough off a ligand 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) the 

gallery. But there is presently no evidence to give firm support 

to such conjectures. 

Perhaps the materials which have aroused most interest and 

controversy are those derived from graphite and AsF 5 . Selig and his 

coworkers [981 were the first to report such a material but it was the 

report of conductivities comparable with that of copper t81]  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 178, 821. 

Most of the controversy has centred on the nature of the guests. 

Bartlett et. al. [20, 21] have contended, on the basis of X-ray absor-

ption edge studies, that the arsenic pentafluoride oxidizes the 

graphite according to the equation: 

3AsF5  + 2e—'-2AsF 6  + AsF 3  

and that the conversion to AsF 6  and AsF 3  is virtually complete. They 

have also shown that there are substantial fractions of arsenic 

trifluoride present in the volatiles removed from the intercalated 

graphite 1801. Moreover, they have shown [78) that when AsF 3  is added 

to a C12nASF6 salt (n>,2), there is no detectable change in stage and 

the conductivity remains u.nchanged. The •same holds for rer oval of 

AsF 3 . These observation are in accord with a C 12n 6 A5F structure (see 
.  

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

ieculEs, to yield a 	 8n5 	
A• 

persuasive feature is that the staging formula for graphite! 4sF 5  I9.] 
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is C 8 AsF5  (i.e. C12 AsF6 .½AsF 3 ) whereas for the AsF 6  salts it is 

C12 AsF6  [80]. 

The Ehermodynamic data in Table VII, when taken in conjunction 

with that in Table V 1  indicate that AsF 5  (and SbF 5 ) should be capable - 

of oxidizing graphite, since the electron affinity, per equivalent 

of electron oxidation of the graphite, is comparable with that of 

OsF 6 . On the other hand, PF 5  has a lower electron affinity (for 

the reaction 3PF 5  + 2e—.-2PF 6  + PF3 ) than does 	It is, there 

fore, not surprising that PF 5 , alone, will not oxidize graphite spon 

taneous ly. 

In spite of this evidence the early views [100, 101] that the 

guest species were largely molecular AsF 5  (or As'F 5  bonded to the 

graphite ji system) have persisted [102]. The major problems appear 

to be chemica1 (Unfortunately many physical measurements have been 

made on materials which have been ill-defined chemically.) 

Although A5F 6  and AsF 3  are the dominant guest species, never 

theless, they are in equilibrium with AsF 5 . The latter becomes a 

more important species as the charge builds up in the carbon layers 

(which it does, dramatically, in passing from second to first stage). 

Thus we have: 

G + 3AsF 5 G2 2AsF 6  + AsF 3  

Indeed if a large excess of arsenic pentafluoride is used in the 

synthesis, as AsF 3  leaves the material it can be replaced by A5F5. 

Hence., unless the preparative conditions are closely specified, it 

is unlikely that a pure graphite AsF 5  compound will be obtained.. The 

ready loss of. AsP.3  ,means that it 	pess1b1.e t .make a rapMte AsP6 
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salt, from graphite and AsF 5 , simply by repeating a cycle of 

operations. Thus, C 8AsF5  under vacuum passes to C 14AsF5_ 6 . The 

latter is treated with more AsF 5  to a composition C 8AsF 5_ 6 , again 

• pumped down and again treated with AsF5 . After five such cycles, 

the composition stands (after evacuation) close to the first-stage 

composition C12A5F6  [961. 

Although there is no detectable difference between the ab plane 

conductivities of second and higher stages of C 8 AsF 5  and C 12 AsF 6  [78], 

there are large differences between the first stage materials. 

C8AsF 5  is a good conductor (about twelve times better than graphite) 

whereas C12AsF 6  (like C12MF6  (M = Os, Ir)) has a conductivity close 

to that of graphite itself. There is no evidence of loss of crystal- 

unity in C 8AsF5  as there is for C 8A5F 6 , 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 (AsF 6 , AsF 3  and some AsF5 ) in the gal1eries of C 8AsF5  will 

mean a lower tendency to charge localization at specific sites in the 

- 

carbon layer than in C8 + AsF 6  . Thus the delocalized fl electron system 

of graphite may be less perturbed in C 8AsF5  than in C8 +  A5F 6  , where a 

guest on each side of a carbon layer will cooperate to localize pos-

itive bharge. Such cooperative charge localization could lead to 

structural change in the carbon layers. 

Unfortunately most of the studies on graphite/A5F 5  have been made 

on materials which must now be regarded as suspect. When close 

attention is given to the dh•emicai problems, the points of dispute may 

well di s appear. 
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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 for the form-

ation of salts C X (x=halogen). With the possible exception 

of F in salts such as C 12  AsF6 0F (n2), there is no evidence 

that discrete halide ions ever occur in intercalation compounds 

of graphite. Chlorine forms compounds [lO] which are stable 

below room temperature. Bromine is the only halogen which 

spontaneously generates a graphite compound at ordinary tem-

peratures and pressures. Iodine does not intercalate, yt 

ICl and IBr do so. Hooley [9] has pointed to the close com-

patability of the internuclear distances in those molecules 

which do intercalate: Br 2  (2.27A); IC1 (2.40); IBr (2.49k), 

with the center to center distance of adjacent hexagons in 

gaphiteof 2..4.2L Perhaps this preserves 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. 
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There is a further feature of these Br2 , IC1, and IBr 

molecules, as distinct from F 2  and C1 2 , 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 J153. Thus Br3 , Br5  and even more extended 

species may have a role in bromine intercalation. Similarly, 

Id 2 , IBr 2  or I2Cl 3 	and I 2Br3  may contribute to the inter- 

calation of IC1 and IBr. In all of these simple halogen and 

interhalogen intercalation compounds, the physical evidence points 

clearly to a small 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 

heavier halogens may well be a crucial component to this inter-

calating capability. But that capability alone cannot be 

sufficient since iodine forms such extended systems (e.g. 1 3 1 

1 5 1 1 7 ) with ease and with appreciable energy benefit. It 

seems that, in comparison with the other halogens, because of 

its larger size (and the resultant poor lattice energy), 	eleçtro- 

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 netal halides which are recognized as strong Lewis acids 

(e.g. 	Ci5 , flbci 5).  Except for ecies such as And4 , .which 
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frefer a square planar geometry 1106], the I values (e.g. 9.5A 

for chlorides)indicate that the gallery contains a double layer 

of halogen ligands. 

In a number of cases arguments have been advanced that the 

guest species have much the same geometry 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-

br.idged species bearing small charge 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 presence 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 species (NX3) X, the energy liberated, 

per mole of electrons taken up in forming the anion, is 

probably comparable to the MX 4  case. Of course, the larger 

the anion, the smaller is the lattice energy but then the number 

of electrons to be removed from the carbon layers, for each 

mole of )MX3 ' is also less. 

It will be realized that species such as MX 3  (M= Al, Q; 

X Cl., Br) can only provide halogen for (MX3 )X production by 

reduction to a lower haide. Such reduction is energetically 
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nfavorable for these halides. This may not be the case for 

most of the higher-oxidation-state transition xnetal halides. 

Ferric chloride may be such a case. 

In spite of the considerable attention given to the graphite 

FeCl3 
 system, it is not yet certain what the guest species are. 

It is clear from Mossbauer studies [109] that the iron is all 

Fe III. Electron excitation studies [110] have also shown that 

one electron 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 FeCl 3  molecules 

intercalated. Analytical data is scarce and there is not explicit 

claim for a first-stage Cre10 Cl 31  stoichiometry as far as 

the present reviewers are aware. The theridynamic data in 

Table, VIII do lend support to the hypothesis that reduction of 

some FeC1 3  to Fed 2  could provide the halogen for the inter- 

calation of a coz?lex (FeC1 3 ) Cl guest. The FeCl 2  would 

presumably remain external to the graphite. Comparable redox 

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 

large number of graphite intercalation compounds from transport 

of those halides by forming complexes with Aid 3  1114]. Schaeffer 

-- 

	

	has given a comprehensive survey [113] of the thermodynamic 

features which form the basis of this vapor transport. Stumpp 

as noted thtin :m.y .instances intercalation of the metal 

]siiae will only :QCCUr in the presence Of free 111alogen. Ag:an, 
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it seems that at least some guest-anion formation provides the 

energetic basis for the intercalation 



VI. INTERCALATION WITHOUT APPARENT OXIDATION OR REDUCTION OF 

THE GRAPHITE 

In many cases the assumption has been made that the guests 

within graphite galleries are unchaxged. 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 appear 

to involve oxidation or reduction. 

A set of compounds which are in this catagory are the 

noble-gas fluorides. Although these are powerful oxidizers, it 

appears to be unlikely that they electron-oxidize graphite. 

Thus krypton difluoride intercalates spontaneously and appears 

to have an enhanced stability when intercalated. The graphite 

KrF2  material is also a less extreme fluorinating and oxidizing 

ent than KrF 2  itself. Yet, reduced species such as KrF 2  can-

not be formed. Nor are species such as KrF 3  very probable. It 

appears that KrF2  must be present as the molecular species. 

A related set of compounds which appear to behave similarly 
0 

to the noble-gas fluorides are halogen fluorides. Those which 

intercalate spontaneously include BrF 3 , IF5  and 10F 5 . Most of 

the work on these fluorides and the noble-gas fluorides was 

tiated by Selig and his co-workers and a full report of the 

chemical and analytical aspects .of their intriguing graphite 

intercalation compounds are given in the comprehensive review 

by Selig and Ebert [5]. 

It is perhaps relevant that in both the noble-gas fluorides 

and the halogen fluorides:, smi-:ioni'c bonding [117] ocirs. 

.W7 

Thus :KrF2  can be represented as a resonance hybrid of the caonical 



brms (FKr)+  F and F(KrF)+.  Similarly BrF3  can be represented 

as the resonance hybrid of the canonical forms (F Br(F))+  F and 

+  
F(Br(F)F) . These semi-ionic bonds bestow large multipole 

moments on these molecules. It is likely, that they produce 

appreciable ir cloud perturbation in the carbon-layers which 

result in appreciable muitipole-multipole attraction between 

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 graDhite comDourlds of the more 

electropositive metals 

** 
Compound Stage Color Occupied 	I ;3.35* 	Metal-ion 

gallery 	(A) 	 diain. 
height 	 (A) 

C 8  K 1 gold 5.41 2.06 

C214K 2 blue 8.77 2.07 
K, 3.02 

C36K 3 blue 12.12 2.07 

C 148K 14 blue 15.149 2.09 

C8Rb 1 gold 5.65 2.30 + 

} 
Rb 	3.32 

C214Rb 2 blue 8.97 2.27 

C8 Cs 1 gold 5.914 2.59 + 
Cs 	3.62 

C214 Cs 2 blue 9.25 2.55 

C6Li 1 brass 3.73 0.38 L1 	1.80 
yellow 

C6Ca 1 pale 14.55 1.20 Ca 	2.28 
yellow 

C 6Sr 1 yellow 14.95 1.60 Sr2 	2.614 

C6Ba 1 yellow 5.25 1.90 Ba 
2+ 

 3.00 

C6Eu 1 yellow 14.85 1.50 Eu 	2.61 

C6 Sm 1 yellow 14.72 1.37 am2+  2.72 
1 Sm 	2.20 

C 6Tm 1 yellow 14.62 1.27 	J Tm24 	2.314 

k Tm2.011. 
C6Th 1 gold 14.57 1.22 	j 

2+ 
Th2 	2.36 
Yb, 	2.02 

* The metal species nestle in the dimples of the carbon layers hence 
Ic-3 ;35A Should be less than the spectes d1ameter. 

** 
R. D. Shannon Ata,.Cyst., A32., 751, 1976. 
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Table II Basal Plane Cond.uctivities for some Alkali Metal-Graphite 
* 

Compounds 

Compound 	Alkali 
** 

ti-to 	ao(iO 
•lL -1 	-1 

ç 	-cm 	) 
***. 	24 -1 	i a 0t/t 0 (10 	-C 	) 

stage (n) 

1 C 
8 

 K 1.62 li 18 

6k9 115 

2 C241C 1.31 12 15 

3 C36K 1.21 17 20 

1 C 8Rb 1,69 - 	8 14 

2 C 224Rb 1.324 - 

3 C 36Rb 1.23 15 18 

4 C48Rb 1.17 19 22 

1 C 8Cs 1.77 (11 20 
is 

2 C24Cs 1.39 12 16 

3 C 36Cs 1.26 - 

24 C48Cs 1.19 14 17 

* reference 51 
** t/t 0  = ideal c axis expansion from the formula t/t 0  = 3.35(n_1)+I 

3.35n 
a o  normalized to account for thickness t o  havingthe same niber of 
carbon layers as thickness t. 
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Table III 	'-Interealated-gaflery spacings for some strong-acid salts. 

first-stage 	C H SO 	C SO F C H SO F C H ClO 	C H NO 
formula* 	8p 4 	73 	.7t3 	8t 	14 	14.3x3 

reference 	1593 	[6] 	[65] 	[59] 	[59] 

7.98 	7.73 	8.oi 	7.85 	7.8 

* p= 1 + 2/3; t 	2/3; x = 5/6 
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Table IV. 	Intercalated-gallery spacings for some compounds with oxides. 

reagent 	 SO3 	Cl2Orr 	
N 
2  0 

 5 

reference 	 [3] 	[3] 	[63] 

graphite compound 	C SO 	C Cl 0 	C N 0 
5 Bn 2 5n 3 	12n 27 formula 

stages 	 1,2,3 	1,2,3 	2,3, 
0 

i 
c 
 (A) 	 7.96-7.90 	7.92-7.80 	7.8 
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.1 

¶ble V. Electron. Af.f.inties.,. A (kc.al mole. 1 ), of Third Transition 

Series He.xfluorideS and their Graphite-Salt Limiting Compositions 

ReF6 	OsF6 	 IrF6 	PtF6  

135a 	. 	. 11a 	188a 

+ 	e,f 	+ 	e 	+4- 	
_e 

- 	C8  OsF 	 C8  IrF6 	C12  PtF6  

MoF 6 	UF6  

C8M0F6C C 9UF6  

() The oxidative chemistry of the third transition series hexa-

fluorides had established a smooth increase in oxidizing capability 

from W to Pt and Bartlett 1691 had estimated that the electron af fin-

ity increases by 's-' 1 eV for each unit increase in atomic number 

across the series. There has, however, been much uncertainty about 

the absolute values of the electron affinities A(MF 6 ), some of this 

uncertainty springing from uncertainties in evaluations of lattice 

energies for salts, such as NO 6  and OPtF. Here, we -have, for 

the ..:ftrst time, tied AtZ)  to A.(UF 6 ),. Two independent measurements 

for.A{-UF 6. give 113 1 7;O1 -and 117 [71] kcà1 mo'1e 1 . The former value 

.ivs .ftt :nc;cj.tr.On esonnce stdi?s. from hidh studies a 
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Table V cont'd 

rather precise valueis also available for A(WF 6 ), hence we take it 

as our fixed point for A(UP 6 ). Calorimetric studies [72] give.iH°(N0(g) 

+ UF6(g) 	NOUF6(C)) = -52 kcal mole. Since the first ionizatin 

potential, I(NO), is 213 cal mole 1 , and A(tJF 6 ) = 113 kcal mole', it 

follows that the lattice energy U(NOUF6(c)) = -152 kcal mole. A 

similar calorimetric study 173] has given AHO(O 2(g)  + PtF 6(g)  

O2PtF6(c)) = -60 kcal moles. 	T herefore, because U(0 2+PtF6(c) ) must 

be slightly more exothermic than U(NO+tJF (c) ), since PtF 6  is smaller 

than 1JF 6 , the electron affinity of PtF 6  must be slightly greater 

than 1(02) + U(NOUF(C)) 	°°2(g) + PtF
6(g) ø 02PtF6(c)) = (278 - 

152 + 60) kcal mole 1 0 Accordingly we set the electron affinity of 

PtF6  at 188 kcal mole 1 . Since A(WF 6 ), derived from ion-cyclotron 

resonance studies 174], is in harmony with less precise evaluations [69] 

from other experiments, and is also compatible with the known oxidative 

chemistry of WF 6' 
 we accept this value as our other fixed point for 

the third transition series. The estimates of A(MF 6 ) for PtF 6 , OsF 6  

and IrF 6  have been derived, assuming a smooth increase with atomic 

number of M, between A(WF 6 ) = 81 kcal and A(PtF 6 ) = 188 kcal mole 1 . 

Although the lattice energy U(0 2+PtF6(c) ) = -154 kcal 1  is higher than 

that derived from a Kapustinskii lattice energy, the A(MF 6 ) based 

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

oxidative chemistry. (b) ref 75 

(f) ref 20 (g) ref 77 

(c) ref 76 (d) ref 74 (e) ref 64 
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- Table VI. Enthalpy changes for the formation of some fluoroanions: 

fl(MF (g)  + l/2F2(g) 	MF(  + ) (g))[ 83] 

MF 	 BF 	PF 	AsF 	SbF 	WF 
x 	 3 	5 	 5 	 5 	6 

tH(kcal mole') 	-155 	-158 	-170 	-193 	-141 

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

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

fluorides [91] (values in kcal mole) 

P 	As 	Sb 
- 

5(g) 
0(p 	' F 2  + 2e

- 
 + 	

a 

	

6(g) 
2NF 	) 	< -316 	< -340 	-386 

- 	 - 

tH ° (MF  
5(g) + NT 3(g) 

 + F2(g)) 	
152b 	98c 	90d 

&I ° (3MF+ 2e + 2MF 	+ NP 	) < -164 	< -242 	< -296 
5(g) 	 6(g) 	3(g) - 	- 	- 

Electron affinity (according to 
eqn. (3)) 	 > 82 	> 121 	> 148 

(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) a 

	

X: 	 F 	Cl 	Br 

AHf°  (X2(g)  + e 	X (g) ) : 	 -64 	-57 	-58 	-56 

LH(½M2Cl6(g)  +½C12  + e 	MC14(g) ) 

Reported limiting compositions of 

graphite compounds 

H (MBr 3 (g) + ½Br 2  + e 	FeC14(g) ) 

Fe e 

A.H(FeCl 	+ ½Cl 2  + e 	FeCl4(g) ) 
	 -161 

H(FeC1 3(g) 	FeCl2(C) + ½C12 ) 
	

+22 

zH(2FeCl 3(g) 	FeCl2(c) + FeCl 4(g) ) 	 -139 

a: ref.j03; b: ref.107; c: ref.108;. d: ref.109 

Calculated from the enthalpies of reaction of KC1 (c)  or 

NaCl(c) with FeCl 3()  to make KFeC1 4()  and NaFeCl4(C) [112, 

the lattice energy of NaCl til3, and a Kapustinskii radius 

of 3.58A 1114. If the radius is lowered to 3.18A the 

lattice eenergy is increased and the chloride ion affinity 

of FeCl3 (g) 	
decreased by 13 kcaI no] e 
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FIGURES 

Staging in graphite intercalation 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 is a hexagon whose sides 

are distant 1/ Isa, from its center. Only at each point of this 

hexagon is there zero energy gap with the second Brillouin zone.) 

Electron energy levels (at O °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. 

Unit cells for ordered C 6M' and C8M intercalation compounds. (with 

guest species in sites a. in one gallery those-in succeeding galleries 

may, or may not, be in sites ,-y  or 5). 

Alternative packing arrangements for (a) tetrahedral species 

(b) planar NO 3  species. 

Projection into (001) plane of a C24+HSO4  2H2SO4  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) C 8MF6  (b) C12MF6  and (c) 

appropriate close-packing of guest models for (a) and (b). 
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Figure 1. Staging in graphite intercalation compounds. 
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c—axis projections 

hexagona I graphite 	rhombohedra I graphite 
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sequence along C 
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Figure 2. (a) Fragment of a graphite layer and (b) layer-layer 

registry in different graphites. 
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Figure 3(a) The unit cell and first and second Brillouin zones for a single 
graphite layer. (The first Briliouin zone is a hexagon whose 
sides -are distant if :a, from its center. Only at each point 
of this hexagon is th-are zero energy gap with the second 
Brilicuin zone..) 
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Figure 3(b). Electron eneigy levels (at O °K) in a single graphite carbon 
Layer, in pristitre, reduced, and oxid±zed conditit,n. 
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Figur.e 4. The domain model for graphite sta:ging: (a) staging 

(b) interaction of elastic dipoles. 	 -• 
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C6M' C8M 

Figure 5. Unit cells for ordered C 6M' and C8M intercalation compouTlds. 

(with guest species in sites. .. in one gallery those in succeeding 

galleries may, or may not, be in sites , 'y or 6). 
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Figure 7. Projection into (001) plane of a C24+HSO4 2H 2SO4  structural 

modification (after Rudorff 59). The full C axis sequence 

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



C8MF6  guest packing 

 

(a) 

proposed C8MF6  structure 

70. 

(b) 

proposed C 12 MF6  structure 

ordered C 12 MF6  guest 
packing 

(c) 	xBL819-1791 

Figure 8. Ordered structural arrangements for (a) C 8MF6  (b) C12MF6  

and (c) appropriate close-packing of guest models for 

(a) and (b). 
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