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COMPOUNDS: THE MADELUNG ENERGIES OF C6Li and C8Ka 

b Robert Melville Metzger 
Department of Chemistry 
The University of Mississippi 
University, MS 38677 U.S.A. 
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The Madelung energies EM of the lamellar in t e rca l a t ed  
compounds C6Li and C8K are -4.571 eV/atom of L i  and 
-2.478 eV/atom of K respect ively,  assuming f u l l  charge 
t r ans fe r .  EM becomes more negative when the counterion 
coordination becomes greater ,  and depends c r i t i c a l l y  on 
Coulomb contributions i n  d i r ec t ions  normal t o  the 
graphite planes. Born-Haber cycle estimates of the 
enthalpy of formation of C# (-0.93 e V  t o  -1.79 e V ,  
depending on which band theory estimate of t h e  Fermi 
energy s h i f t  i s  used) bracket the experimental value of 
-1.208 eV. 

INTRODUCTION 

A recent  review' has s t r e s sed  anew t h a t  cohesive energy 
calculat ions2 would be useful  i n  understanding t h e  s t a b i l i t y ,  
i o n i c i t y  and transport  propert ies  of graphi te  lamellar 
compounds, o r ,  as they are a l s o  cal led,  graphite i n t e rca l a -  

2 t i o n  compounds. 

ordering of graphite i s  preserved, but e l ec t ron  donors 
M(M = metal atoms) or  e l ec t ron  acceptors X(X = halogens, 

I n  these crystals3 '  the two-dimensional hexagonal s p  

aResearch performed i n  p a r t  a t  Centre Paul Pascal, CNRS, 
Domaine Universi ta i re ,  Universitg de Bordeaux I, F33405 
Talence, France, and supported i n  p a r t  by NSF-DMR-80- 
15658. 
b0n sabbat ical  leave a t  the Universit6 de Bordeaux I, 
1980 
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98/[  14881 R. M. METZGER 

metal halides,  n i t r i c  acid,  s u l f u r i c  acid) can i n t e r c a l a t e  
between the graphite planes, thereby a l t e r i n g  the band 
s t ruc ture  of graphite s l i g h t l y ,  but s h i f t i n g  the  locat ion 
of the Fermi energy considerably. 
10-fold increase in conductivity1 and even t o  super- 
conductivity5. 

Many of these lamellar compounds exhibi t  disorder i n  
the arrangement of the  i n t e r c a l a t e s  (e. g . "islands"6) but 
some a r e  well-ordered "ideal" crystals. 
calant R (R = M o r  X) many stoichiometric compounds with 
graphite can be prepared: these i n t e r c a l a t e s  are label led 
by "stages" n7: t h e i r  formula is k a R ,  where a = number of 
moles of C per mole of R a t  n = 1. 
lithium-graphite is  CcLi,  second-stage is C p L i ,  etc. 

planes of carbon atoms, with interplanar  distance 3.354 A, 
overlap i n  a "staggered" configuration (ABABAB.. .) such 
tha t  three out of s i x  hexagon corner atoms of plane B are 
over hexagon centers  of plane A. 

the graphite planes a re  "eclipsed" (AAA stacking) but the 
in te rca la te  is inser ted e i t h e r  with "perfect regis t ry"  
(AuAaAa...) o r  selects, depending on s t o i c h i o m t r y  or space 
group considerations, two or th ree  o r  four  d i f f e r e n t  si tes 
over hexagon centers,  denoted a, 8 ,  y, 6: thus AaABAaAB, o r  
AaABAyAa ..., o r  AaABAyAGAa.. . stacking may r e s u l t ;  i f  we do 
not know, o r  wish t o  specify,  the  d e t a i l s  of i n t e r c a l a t e  
r e g i s t r y  we denote the f i r s t - s tage  compounds stacking by 
AWAWAW... 

successive planes of in te rca la tes :  the i d e a l  stacking is3 s 4  
ABwBcWCAwABo..., where the r e g i s t r y  of graphite planes C 
over planes A and B is  such t h a t  three of the  hexagon comer  
atoms of plane C are over hexagon centers of plane B and 
over hexagon corners of plane A, and such t h a t  the r e g i s t r y  
of B over A i s  equivalent t o  t h a t  of C over B, and t o  t h a t  
of A over C. 

layers  between i n t e r c a l a t e  layers,  with i d e a l  stacking 
ABAWACAWABAW. . . . 

Fourth-stage compounds have four graphite layers  
between them, with i d e a l  stacking ABABwBCBCwCACAwABABw.... 
I f  successive graphite layers  are present without in te r -  
calates ,  t h e i r  interplanar  distance i n  a l l  these compounds, 
ordered or  not,  is close t o  3.354 1. 

Electron donors tend t o  increase t h e  covalent in-plane 
C-C bond distance s l ight lygr  10; e lectron acceptors have 

This gives rise to a 4 t o  

For t h e  same in te r -  

Thus f i r s t - s tage  

Pure graphite has t h e  Bernal s t ruc ture  8 : t h e  adjacent 

394 I n  the "ideal" f i r s t - s tage  in te rca la t ion  compounds 

Second-stage compounds have two graphite planes between 

Third-stage compounds have three successive graphite 
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COHESIVE ENERGIES OF C6Li AND CcK [ 1489]/99 

a much weaker effect'l. 
there  is a systematic increase i n  t h e  in-plane C-C bond 
distance9 9 lo. 

Also, as the  s tage  n is increased 

CHARGE TRANSFER 

The amount of charge t ransfer  

assumed t h a t  the  bonding between carbon and intercalate w a s  
primarily ionic.  A later, more conservative, d e f i n i t i o n  
bypassed the question of p a r t i a l  covalency of t h a t  bonding, 
and defined f as the f rac t ion  of a f r e e  electron o r  hole 
introduced per atom of intercalate12.  

known about the  amount of charge t ransfer ,  p, i n  C6Li and 
CgK. 
and heat ca  acity21, Knight s h i f t 2 2  and conductivity 

a d i l u t e  metal i n  C6Li with charge t ransfer  p 
The (weak) Knight s h i f t  is probably mediated by the  
p a r t i a l l y  f i l l e d 2 3  graphite T* band22. 
anisotropy and closeness of the graphi te  planes are 
a t t r ibu ted  t o  covalent bonding ef fects15. The nearest-  
neighbor Li-Li distances are 30% larger  i n  C6Li than i n  
bulk L i  metal. 

(electron spin resonance25, 26, heat capacity26 and 
conductivity anisotropy20). 
p = 0.3 t o  0.41~2s17. 
i n  C8K are 7.3% larger  than those i n  bulk K metal. 

and three  f o r  C8K31-35, along with s tud ies  of t h e  expected 

t ion 
shows t h a t  C6Li is a IT* band metal with 1/6 electron per 
C atom i n  the graphite IT* o r b i t a l ;  the  Fermi energy s h i f t  
is AEF = Ep(C6Li) - EF(graphite) - 2.31 eV; an exact 
estimate of p is not  attempted, since i n  a band s t r u c t u r e  
calculat ion it  depends on a r b i t r a r y  anisotropic  l i m i t s  of 
integrat ion of t h e  t o t a l  valence charge density function; 
the L i  atom has a residual  cusp-like L i  2s contact density 
and shows some covalent bonding e f f e c t s  between L i  and the 
graphite planes. One might guess however from the C6Li 
calculat ion t h a t  f ,  (and even p) may be as  high as 0.9. 
The other  c6Li calculation31 gives AEF = 1.82 e V  but  
obtains a ra ther  n e u t r a l  LiC6 latt ice because t h e  L i  2s 

from the in te rca lan t  t o  
carbon, is open t o  question 1 s 2 f9-20. Early work2 16-20 

The present discussion s h a l l  be r e s t r i c t e d  t o  w h a t  is 

Physical measurements on C6Li (electron spin resonance 

E anisotropy l! ) have been interpreted t o  indicate  tha  L i  i s  
0.1 s21.  

The low conductivity 

Similar physical  measurements have been made on C8K 

Early estimates f o r  CgK were 
The nearest-neighbor K-K dis tances  

Two band s t ruc ture  calculat ions exist f o r  C6Li27-31 

27-30 
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1 OO/[ 14901 R. M. METZGER 

band overlaps with the  p a r t i a l l y  occupied C IT* band 
(instead of lying, empty, 1.7 e V  above it27-30. 

For C8K a preliminary band calculat ion suggests AEF = 
1.60 eV35 whereas t h e  other calculat ion obtains AEF = 1.27 
eV31 and a low ionic i ty  lattice3l. 

COHESIVE ENERGY 

It has recent ly  been s ta ted28 t h a t ,  given t h e  extensive 
charge delocalization i n  C6Li, ne i ther  image-force f i e l d  
c a l c ~ l a t i o n s 4 ~  nor Madelung energy calculat ions based on 
a point-charge latt ice would be he lpfu l  i n  understanding 
C Q i .  But s ince f r a c t i o n a l  point charges a t  atomic si tes 
are equivalent, by Gauss' theorem, to a set of 
overlapping spheres of uniform charge, and s ince the  band 
theory calculat ions have not ye t  obtained a self-consistent 
description of the  f rac t iona l  charge t ransfer  i n  c6Li o r  
CgK, theref ore  a s imple-minded Madelung energy ca lcu la t  ion42 
may still shed some l i g h t  on t h e  problems of cohesion i n  
these in te rca la ted  graphite lattices. 

enthalpy of formation can be defined as: 
For graphite-electron donor lamellar compounds the  

AHs 3 AHZ!CnX, ~,298.15K) - AHP(X, g,298.15K) 
-AHf (C, graphite, 298.15K) (1) 

where the AH; a r e  standard enthalpies of formation. 
a Born-Haber cycle,  AHs can be wri t ten,  for  an ideal ized 
p = 1 l a t t i c e 2 ,  as: 

Using 

where ID is the f i rs t  gas-phase ionizat ion poten t ia l  of the  
electron donor, Ayphite is the  electron a f f i n i t y  of 
graphite (= work unction) - 4.39 e V 1 ,  EM i s  the  Madelung 
energy, Ed - Er is a "net van de r  Waals energy" 
includes a l l  short-range multipole, dispersion, and hard- 
core repulsion energies, AEF i s  the  displacement of the 
Fermi l e v e l  of graphite upon in te rca la t ion ,  and Edel is  an 
electron delocal izat ion energy. Of these terms, Ed - Er 
and Edel  could be assumed t o  be small o r  negl igible  i n  a 
f i r s t ,  crude calculat ion.  

For a f rac t iona l ly  ionized la t t ice  described by a 
uniformly d is t r ibu ted  set of p a r t i a l  charges, the Madelung 
energy (calculated for  B = 1): 

tha t  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
58

 2
1 

Fe
br

ua
ry

 2
01

3 



COHESIVE ENERGIES OF C6Li AND CeK [ 1491]/10 1 

2 scales as P EM and t h e  c o s t  of  i o n i z a t i o n  as p(ID - 
can ge found a t  in te rmedia te  charge t r a n s f e r  
abandons t h e  l i n e a r  i n t e r p o l a t i o n   ID - A raphite)44. 
cohesive energy of t h e  p = 1 l a t t i ce  is42 

Agra h i t e ) 4 3  but  no energy minimum of P 2 +4$(ID-Agraphite) 
un le s s  one 

The 

Without p re jud ice  as t o  what t h e  experimental  charge 
t r a n s f e r  i s  i n  e i t h e r  c6Li o r  CgK, a Madelung energy 
ca l cu la t ion  is reported he re  f o r  t h e  p = 1 la t t ices  of t hese  
compounds, t o  he lp  understand t h e  ene rge t i c s  of formation of 
t he  c r y s t a l s .  

MADELUNG ENERGY CALCULATIONS 

The computer programs C E L W  and EWALD have been descr ibed 
previously45 and have been used on the  DEC VAX 11/780 a t  t h e  
Centre Paul Pasca l .  I n  order  t o  eva lua te  two-dimensional 
lat t ice sums, a one- and two-dimensional extension46 of 
Ewald's fast-convergence algori thm47 has  been added and 
tes ted48.  

2. 
s t r u c t u r e  f i t  t h e i r  X-ray d a t a  b e s t ,  b u t  t he  choice  between 
seve ra l  poss ib le  space groups w a s  no t  easy'!+g. 

The c r y s t a l  s t r u c t u r e s  used are given i n  Tables  1 and 
For c6Li Guerard and H e r 0 1 d ~ ~  decided t h a t  t h e  AaAaAa 

Table 1 Assumed Crys t a l  S t ruc tu res  f o r  c6Li [Refs. 49,501 

S t ruc tu re  1 
(Ref. 49) 

S t r u c t u r e  2 
(Ref. 50) 

Stacking: A a  AaABAy 
C e l l  Constants: a=4 .305~ ,c=3 .706~ ,  a14.305" ,c=11.118~,  

Space Group: P 6 I m  P6/mmm(for C atoms) 
Atom Pos i t ions :  C a t  1 /3 ,0 ,0 ;e tc .  C 1  a t  1 /3 ,0 ,0 ;e tc .  

y=120" y=12O0 

L i  a t  0 ,0 ,1/2;etc .  C 2  a t  1/3,0,1/3; etc.  
L i a  a t  0,0,1/6 only 
LiB a t  2/3,1/3,1/2 only 
Liy a t  1 /3 ,2 /  3,516 only 
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102/[ 14921 R. M. METZGER 

Table 2 
52 1 

Assumed Crystal Structures for C8K [Refs. 3,26,51, 

Structure 3 Structure 4 
(Refs. 3,26,51) 

~ - 

Stacking: ~ a ~ ~ ~ y - 4 6  AaABAyA6 
Cell Constants: aa4.961, b=8.592,c=23.76; a=4.965,b=8.599, 

Space Group: Fdd2 Fdd2 
Atom Positions: K at 0,0,1/8;etc. 

c=21.584& 

C1 at 0,116,O;etc. 
C2 at 0,113,O;etc. 
C3 at 1/4,1/12,O;etc. 
C4 at 314,1112 ,O;etc. 

50 Recently, low-temperature surface measurements on c6Li 
seemed to be in bette5,accord with an AaABAy stacking. For 
C8K the structure ofRudorff and SchulzeZ6, as quoted in 
Ref. ( 3 ) ,  is given as Structure 3; th: inferred graphite-to- 
graphite interplanar distance of 5.94A is close to 3.35 + 
2(1.33)1, where 1.331 is the ionic radius of K?. The 
structure of C8K has been ree~amined~~: new lattice 
constants, implying some g-axis "compression", were 
obtained, and the space group was considered as a "trilled" 
set of 3 Fddd unit cells 120' from each other52. In view 
of the small Madelung energy differences between the two 
C6Li structures (see below) and of the complications of a 
Madelung energy calculation for a trilled (three-fold 
twinned) structure, the old space group3 and the new cell 
 dimension^^^ were combined as structure 4 of Table 2. 
new c a x i ~ 5 ~  does agree reasonably with an independent 
measurement53 for c 8 ~ .  
For c6Li the difference in energy between the Aa and the 
AuABAy structure is small: the latter is more stable by a 
mere 0.059 eV. However, the Madelung energy is very three- 
dimensional. The two-dimensional slice consists of the 
graphite plane at z = 0, (with each atom carrying a charge 
of -1/6) plus "half" Li atoms at z = 112 and at z = -112, 
each carrying a charge of M.5 (a two-dimensional calcula- 
tion is very sensitive t o  symmetry about the plane of the 
slice). The gain of 3.527 eV in binding energy as one 
includes the third dimension for the C6Li structure is a 
self-evident consequence of the fact that the Coulomb 
interactions in the (0001) slice are mostly repulsive; 

The 

The resulting Madelung energies are listed in Table 3. 
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COHESIVE ENERGIES OF C6Li AND CsK [ 1493]/103 

Table 3 
(eV/Atom of A l k a l i  Metal) 

Compound S t r u c t u r e  Graphi te  Dimensionality (eV) 

Madelung Energies EM €or  Fu l ly  Ion ic  S t ruc tu res  

In t e rp l ana r  
Distance (b)  

c6Li 1 3.706 3 -4.512572 
c6Li 2 3.706 3 -4.571088 
c6Li 1 (0001) slice 2 -1.044171 

3 5.94 3 -1.898892 
4 5.396 3 -2.478283 

C8K 
CgK 

the  only s u r p r i s e  i s  the  magnitude of t h a t  gain. 

provides a cons iderable  ga in  over EM f o r  s t r u c t u r e  3 (a 
10% l a t t i ce  con t r ac t ion  g ives  a 30.5% inc rease  i n  binding 
energy). 
because i t  is a s t r u c t u r e  of h igher  charge dens i ty  a long 
the  c ax is :  a 45.6% shor t e r  g raph i t e  i n t e r p l a n a r  d i s t a n c e  
tranG1ates i n t o  a latt ice energy inc rease  of 84.5% f o r  c6Li  
over CgK. 

s t a b i l i t i e s  of t h e  AaABAy s t r u c t u r e  and t h e  AaABAYA6 
s t r u c t u r e  by t h e  following ca l cu la t ion :  s t r u c t u r e  2 of c6Li 
w a s  s t r e t c h e d  i n  t h e  d i r e c t i o n  u n t i l  t h e  g raph i t e  l a y e r s  
were 5.3968, a p a r t  ( t h e i r  d i s t ance  i n  s t r u c t u r e  4 of C#): 
t he  Madelung energy s h i f t e d  from -4.571088 e V  t o  -2.217760 
e V .  This  r e s u l t ,  when compared wi th  t h e  las t  e n t r y  i n  
Table 3, shows t h a t ,  a t  cons tan t  g raph i t e  i n t e r p l a n a r  
s epa ra t ion  t h e  l a t t i ce  s t a b i l i t y  sequence is: 

For CgK, the  s h o r t e r  s t ack ing  d i s t a n c e  i n  s t r u c t u r e  4 

Also, c6Li is more s t rong ly  bound than C8K 

An approximate comparison has  been made between t h e  

AaABAyA6 > AaABAy > A a  (4) 

This  conclusion i s  se l f -ev ident  from simple arguments 
t h a t  b e t t e r  counter ion coord ina t ion  w i l l  i nc rease  t h e  
magnitude of t h e  Madelung energy42. 
experimental confirmation i n  t h e  poss ib l e  bulk phase 
t r a n s i t i o n  from AaABAy (low temperature) to  Aa (high T 
C6Li50, and AaABAyAd (low T) t o  AaAB (high T) i n  C8Rb 
The improvement i n  t h e  Madelung energy wi th  b e t t e r  counter ion 
coordinat ion has  a l s o  been observed i n  s t u d i e s  of t h e  
cohesion of t he  lamellar Li-doped t i t an ium s u l f i d e s ,  
LixTiS255. 

It a l s o  has  received 

44: 
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104/[ 14941 R. M. METZGER 

DISCUS S I ON 

One may wish to compare the results given i n  Table 3 with 
other calculations and with experiments. The ionization 
potentials I for Li and K are 5.39 eV and 4.34 eV 

due to Fermi level shifts, AEF, i s  estimated at 0.86 eV , 
1.82 eV31, or 2.31 eV28 for C6Li, and 0.74 eV2341, 1.27 
eV31, or 1.60 eV3’ for C8K. 
Ed - Er in eq. (2) and assumes p = 1.0 the enthalpy of 
formation of c6Li and C8K (relation to pure solid graphite 
and alkali metal atom gas) is: 

respectively !i . The correction to Agraphite = 4.39 eV 2,41 

If one neglects Edel and 

C6Li: AHs = 5.39 - 4.39-4.57 + 
= -2.26 to -3.71 eV 

0.86 to 2.31) 
(5) 

C8K: AHs = 4.34 - 4.39 - 2.48 + (0.74 to 1.60) 
= -0.93 to -1.79 eV (6) 

Thus, the formation of both c6Li and C8K is thermo- 
dynamically favored. The enthalpy of formation of C8K has 
been measured electrochemically: AHf = -1.208 eV56 for the 
react ion: 

K (g) + 8C (graphite) -t C8K (c) (7) 

and our eq. (6) brackets that value. 

in cesium-graphite compounds by image force theory yields41 
an energy kAWo + AWE = -2.10 eV for C$S, a value roughly 
comparable to our Madelung energy for CsK, fxcept that the 
graphite interplanar distance in c8cS (5.94A) is larger 
than that of C8K (5.396i). 
value of -2.10 eV is fairly close to EM = -1.90 eV for the 
(false) structure 3 of C8K in Table 3. 

In conclusion, despite valid theoretical concerns 
Madelung energy calculations have been shown to be 
interesting numerical aids to guide chemical intuition about 
the bonding in alkali metal graphites. 

A. Pacault, and A. Marchand for their generous hospitality 
in Bordeaux, and Drs. N. A. W. Holzwarth, J. E. Fischer, 
A. H. Thompson and G. Volpilhac for informal discussions. 

Finally, a previous calculation of the bonding energy 

Thus this image force theory 

28 

It is a pleasure to thank Drs. P. Delhaes, S. Flandrois, 
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