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a ccu ra cy , com ple teness, or u se fu lness  o f the  in fo rm a tion  conta ined  in  th is  re po rt, o r th a t 
the  use o f any in fo rm a tion , appora tus, m ethod, o r p rocess d is c lo s e d  in  th is  re p o rt may 
not in fr in g e  p r iv a te ly  owned r ig h ts ; or

B. Assum es any l ia b i l i t ie s  w ith  re spe c t to  the use o f, or fo r damages re s u ltin g  from 
the  use o f inform .ation, appara tus, m ethod, o r p rocess d is c lo s e d  in  th is  repo rt.
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ABSTRACT 

The recen t d iscovery of a l ame l l a r compound of sodium and graphite , 
s imi la r to the well-known po tass ium and rubidium compounds, has st imulated 
renewed in t e re s t in the c rys ta l lography of these m a t e r i a l s . 

The c rys ta l lographic aspec ts of alkali me ta l - graphite l amel l a r compounds 
a r e reviewed h e r e , and space groups and atomic p a r a m e t e r s a r e der ived for 
some of them. 

N a C / . , K C Q , and RbC^ c rys ta l l i ze in space group C222 . . If NaC, . is one 
of a s e r i e s of sodium - graphite compounds, other m e m b e r s of the s e r i e s would 
be expected to c rys t a l l i ze in the sanae space group. The remain ing eight known 
potass ium and rubidium compounds have a slightly different but s imi l a r 
s t ruc tu re . Exper imenta l data for these a r e insufficient to pe rmi t a unique 
choice of space group. 
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I. INTRODUCTION 

The definite layer s t ruc tu re of graphite with its l a rge separat ion between 
l aye r s gives r i s e to the phenomenon of l amel l a r compounds. In these , o rdered 
l aye r s of some foreign m a t e r i a l a r e sandwiched in definite sequences between 
the l aye r s of carbon a toms in the graphite s t r uc tu r e . Generally, the l a t t e r 
a r e forced apar t where such int rus ion o c c u r s . 

Meiny m a t e r i a l s a r e known to fo rm l ame l l a r compounds with graphite, but 
only those formed by the alkali meta l s will be considered h e r e . Compounds of 
K, Rb, and Cs were f i r s t desc r ibed by Fredenhagen and Cadenbach and further 

X 2 3 

investigated by Herold and by Schleede and Wellman. The information 
resul t ing f rom these invest igat ions concerning the s toichiometry and some of 
the s t ruc tu ra l fea tures of these compounds was improved la te r by Riidorff and 

4 
Schulze, who never the les s did not avail themselves fully of the informational 
potential of the facts they so ably helped prove . Asher too, while showing 
that the general p ic ture of Riidorff and Schulze is applicable also to NaC, . , did 
not go on to conclude that all these l ame l l a r compounds a r e or thorhombic 
ra the r than hexagonal and to der ive the space groups and atomic p a r a m e t e r s 
for some of them. This has now been done by the author and is the subject 
of the p re sen t c rys t a l s t ruc tu re review. 
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II. THE STRUCTURES AND THEIR INTERPRETATION 

The foUow^ing compounds a r e known: 

KCg ^ ^ 2 4 ^ ^ 3 6 ^ ^ 4 8 ^ ^ 6 0 
RbCg ^ ^ ^ 2 4 R b C 3 , RbC^g ^ ^ ^ 6 0 

The ces ium compounds a r e said to be analogous to these . 

The f i rs t m e m b e r in each s e r i e s has a me ta l - t o - ca rbon ra t io of 1:8, 
whereas the remaining ones proceed in inc rements of 1:12. F igure 1 shows a 
potass ium layer in K C Q , projected onto the adjacent carbon l aye r . We propose 
to call this the octal s t r uc tu r e , f rom the me ta l - t o -ca rbon ra t io . If the cent ra l 
metal atom from each hexagon of meta l a toms is removed, the s t ruc tu re shown 
in Figure 2 r e s u l t s , which applies to the remaining compounds l is ted. We 
propose to call this the duodecimal s t ruc tu r e . In KC-,. the re a r e two carbon 
layers between success ive planes of meta l a toms , th ree in KC_/ , and so on. 
These compounds a r e often r e f e r r e d to as f i rs t , second, e t c . , s t ages , according 
to the number of graphite planes between l aye r s of me ta l . 

Riidorff and Schulze deduced and Asher confirmed that the meta l atoms 
a re always aligned with the cen te r s of carbon hexagons in the adjacent graphite 
planes , both above and below the plane of the meta l a toms . In other words , 
the two carbon planes adjacent to the meta l a r e in r e g i s t e r (AA stacking) r a the r 
than in the no rma l AB stacking. This conclusion was reached on the bas i s of 
s t ruc tu re factor ca lcula t ions . We may add that it does not appear possible to 
assign a space group if this were not so. 

The f i r s t l ame l l a r compound of sodium was repor ted by Asher . He 
assigned the formula NaC, . to it and demons t ra ted that it has the octal r a the r 
than the duodecimal s t r u c t u r e , with eight carbon l a y e r s between any two meta l 
l a y e r s . In o ther words , if NaC/ . were to be considered the eighth stage of an 
as yet hypothetical s e r i e s , the d e c r e a s e in the packing density of the meta l 
l a y e r s , which occurs between the f i r s t and second s tages of the K and Rb 
compounds, would not be found with Na. The exis tence of N a C / . has been con­
firmed in our l abora to r i e s , and we a r e in agreement with A s h e r ' s conclusions. Sine m 
2 
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Figure 2. The Duodecimal Structure 



the re is no change in the separa t ion of the carbon l aye r s which do not have a 
meta l l ayer between them, it i s poss ib le , on the bas i s of the one compound 
that has been analyzed, to calculate the X- r ay diffraction pa t te rns of an entire 
s e r i e s of hypothetical compounds which differ only in the number of carbon 
planes between the meta l p lanes . X- r ay pa t te rns which appear to match two of 
the calculated ones have been observed in our l abo ra to r i e s , but to date it has 
not been poss ib le to confirm the composit ions of the specimens by chemical 
m e a n s , nor is it as yet poss ib le to reproduce these r e s u l t s at wil l . 

If the meta l a toms a r e always aligned with the cen te r s of carbon hexagons, 
then if the number of intervening carbon planes is even, one meta l plane will be 
aligned with an A-type carbon layer and the next one with a B-type. Two 
success ive meta l l aye r s will thus be non-ident ical , so that the c -ax is is doubled. 
If the number of intervening carbon l aye r s is odd, on the other hand, then two 
success ive meta l l a y e r s will both be aligned with an A-type carbon plane, and 
the doubling will not occur , so that one mus t dist inguish between "odd" and 
"even" s t r u c t u r e s . (We a r e momenta r i ly d i s regard ing a further complication 
which will be d i scussed below. ) This doubling of the c -ax is for even s t ruc tu res 
was known both to Riidorff and Schulze and to Ashe r . It should be pointed out 
that this a r r angemen t changes the symnaetry frona hexagonal to or thorhombic . 
Thus, the i r Mil ler indices for other than OOi planes and the i r unit cel ls should 
be t rans formed to or thorhombic uni ts . 

In graphite itself, the AB type stacking of success ive l aye r s involves the 
t rans la t ion of every a l te rna te l ayer para l le l to a hexagon edge through a distance 
exactly equal to the length of such an edge. If this a r r angemen t is projected 
pa ra l l e l to the c -ax is (Figure 3, left), it is seen to p o s s e s s a three-fold axis 
of s y m m e t r y . The t rans la t ion of the meta l l aye r s mus t be through exactly this 
same dis tance in o r d e r to mainta in the p roper alignment with the graphite 
p lanes . This d is tance , a full edge-length of the carbon hexagons, is only a 
quar te r edge-length of the meta l hexagons. Such an a r rangement , shown in 
F igure 3, r ight , has only a two-fold eixis instead of the three-fold one. 

* The author is Indebted to bis colleague S. B. Austerman for this deduction. 
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HEAVY LINES: LAYER A 
LIGHT LINES: LAYER B 

3-FOLD SYMMETRY 2-FOLD SYMMETRY 
Figure 3. AB Type of Stacking 



Thus, the s y m m e t r y of the l ame l l a r compounds with even numbers of carbon 
planes is or thorhombic r a the r than hexagonal. In fact, it is quite impossible 
to desc r ibe the posit ions of the meta l a toms in such compounds in t e r m s of any 
hexagonal space group. 

Actually, both "odd" and "even" s t ruc tu res a r e or thorhombic for the follow­
ing reason . An examination of F igure 1 shows that the re a r e metal atoms above 
one-fourth of the hexagons of the adjacent carbon plane. It i s necessa ry to 
decide whether the a toms of the next meta l l a y e r s a r e located over corresponding 
hexagons or over o the r s . In the case of K C Q , the answer is known from the 
efforts of Schleede and Wellman and has been confirmed by Riidorff and 
Schulze. The meta l a toms in success ive l aye r s sys temat ical ly occupy all 
available posi t ions , leading to a quadrupling of the c dimension of the unit cel l . 

Since NaC, . has been found to follow the s t ruc tu ra l pa t te rn of K C Q , one 
might expect to find the same quadrupling h e r e . In accordance with this 
expectation, the indexing of NaC/ . r e s u l t s in a be t te r fit if the quadrupling of 
the c axis is a s sumed to occur . While this evidence is presumptive ra ther 
than conclusive, the quadrupling will be assumed to occur for the remainder 
of this d iscuss ion. Since in the "even" s t ruc tu re s the c-aocis is a l ready doubled, 
the new factor gives us a c-cixis which compr i ses eight me ta l - to -me ta l spacings 
for "even" and four for "odd" s t r u c t u r e s . The open c i r c l e s in Figure 1 show 
the shifts in the posi t ions of the nnetal a toms from layer to layer for both 
cases , the sequence of t rans la t ions being determined by the 2. eixis. The 
origin of the unit cell is placed on the twofold sc rew axis in the center of the 
four or eight available pos i t ions . It is quite evident that this makes all of these 
compounds or thorhombic . In fact, all symmet ry e lements can now be deduced, 
and space group C222. can be uniquely chosen as the c o r r e c t one for both odd 
and even octal s t r u c t u r e s . F igu re 4 shows project ions of the unit cell for a 
represen ta t ive compound. The hypothetical N a C , . has been chosen mere ly to 
reduce the number of carbon planes that it i s n e c e s s a r y to draw. Figure 5 is a 

* Should this assumption be in error, then the even structures would belong to space group Cmcm. No fit has 
been found for the odd structures in that case. Also, a structure factor calculation for NaCg^ on the basis 
of space group Cmcm leads to calculated intensities drastically at variance with those observed, whereas 
satisfactory agreement is obtained on the basis of space group C222j. 
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1/ 
par t ia l r ep resen ta t ion of the hypothetical compound NaC . „ to i l lus t ra te the 
deduction of the z p a r a m e t e r s for such a s t ruc tu re . Except for these r e m a r k s , 
no further explanation is r equ i red for the d iscuss ion of atomic p a r a m e t e r s that 
follows. 

C-AXIS 
^FMI SCHEMATIC VIEWED 

Na ATOMS ^LONG 110 DIRECTION ^^^^ GROUP C222, GRAPHITE LAMELLAR COMPOUNDS WITH ALKALI METALS, ODD OCTAL TYPE 
PICTURED (HYPOTHETICAL) NaCg^, PROTOTYPE FOR (ACTUAL) KCg, RbCg, 

"*" 0 * (PROBABLE) NoCgg, AND (HYPOTHETICAL) NaC^Q.NaCg 

0 

a-
0-

1/2 

0 « . 

SINGLE GRAPHITE PLANE 
PICTURED AT RIGHT 
REPRESENTS ALL THOSE 
ADJACENT TO A METAL 
PLANE AND THE ONLY 
ONE IN KCg 

1/2-Z'-

1/2-Z -

1/2+ Z 
1/2-i-Z" 

3/4 -

Z' 

Z 

_ z 

-1 /2 -Z 

• 

Figure 4. Pro jec t ions of the Unit Cell 
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The number of z parameters and tneir numerical values both depend on 
the distance between the metal layer and the ad.iacent carbon layer and 
on the number of carbon layers between successive metal layers. The 
followinp diapram will illustrate this for the case of NaCKg, 

tletal layer Bl ■ 
Carbon layer ZCl 

ZC7 
Zc2 

ZC8 
ZCji 

ZC9 
'letal layer Al 

ZCIO 
ZCU 

ZGil 
ZCb 

ZCi2 
ZC6 

Metal layer B2 
^ - ZC6 

I - ZC12 
# - ZC5 

t - ZCll 
t - ZCll 

^ - ZCIO 
Metal layer A2 

h - ZC? 
I - ?C3 

1 - ZGP 
J - ZC2 

'- - ZC7 
i - ZCl 

i ptal layer ^i u 

i * ZCl 
'- + ZC7 

i + 2C2 
i + ZC8 

^ + ZC3 
t + ZC9 

hetal layer A3 
5 ♦ ZCIO 

I ♦ ZCU 
i + ZCll 

i ♦ ZC5 
J_+ ZC12 

k * 10b 

Metal layer Bit 
-ZC6 
-ZC5 
-ZCU 

Metal layer AU 

-ZC12 
-ZCll 
-ZCIO 

-ZC9 
-ZC3 

-ZC8 
-ZC2 

-ZC7 
-ZCl 

Metal l a y e r Bl ( r e p e a t ) " 

Figure 5. P a r t i a l Representa t ion of NaC .„ 
(Schematic side elevation of c-axis) 



III. ATOMIC PARAMETERS ("OCTAL" STRUCTURES) 

1) The space group is C222. ; the nomencla ture and conventions 
a r e those of the International Tables for X-Ray Crysta l lography, 
1952 edition. 

2) Four mietal a toms occupy the special set "a" of fourfold position 
X, 0, 0, where x = 1/4. 

3) Four meta l a toms occupy the special set "b" of fourfold posit ion 
0, y, 1/4, where y = 1/4. 

4) In those compounds having the "even" s t ruc tu r e , there a r e eight 
additional meta l a toms in the general set " c " of eightfold 
posit ions x, y ' , z, where x = 1/4 

y ' = 1/6 
z = 1/8 

5) The carbon atoms a r e all in the general posit ions x, y, z of the 
eightfold set " c " . 

6) The x and y p a r a m e t e r s for the carbon atoms a r e common to 
al l compounds in the s e r i e s . 

7) The z p a r a m e t e r s differ from compound to compound, both as to 
numer i ca l values and to how many such p a r a m e t e r s there a r e . 

8) In the "odd" s t r u c t u r e s , the number of z p a r a m e t e r s equals the 
number of carbon planes between two succeeding meta l l a y e r s . 
In the "even" s t r u c t u r e s , because of the doubling of the c - ax i s , 
t he re a r e twice as many. 

9) Each t ime the se t " c " is used, it c r e a t e s eight carbon atoms at 
four different l eve ls , i. e. two pe r layer in each of four 
different l a y e r s . 

10) Since t h e r e a r e 16 carbon a toms p e r l ayer p e r unit cel l , the set 
naust be used eight t i m e s , w^ith eight se t s of x and y, to c r ea t e 
full l aye r s four at a tinae. 



11) If the carbon layer adjacent to the zero-plane metal layer is called type A, 
then all A-type carbon l aye r s have the following x and y p a r a m e t e r s . 

0, 1/12 1/4, 1/6 
0, 5/12 1/4, 1/3 
0, 7/12 1/4, 2/3 
0, 11/12 1/4, 5/6 

The B-type layers have the following coordinates: 

0, 1/4 1/4, 0 
0, 5/12 1/4, 1/6 
0, 3/4 1/4, 1/2 
0, 11/12 1/4, 2/3 

The z parameters depend on a knowledge of the layer separations. In graphite, 
o 

success ive planes are spaced 3.35 A apart. This distance remains unchajiged 
in the lamellar compounds except where a metal layer is inserted. The d i s -
tajices between layers of metal and carbon, as found experimentally, are shown 
below. 

Metal 

Na 
K 
Rb 
Cs 

Vertical layer Closest approach, 
Distajice metal to carbon* 

(h ih 
2.29 2.69 
2.70 3.05 
2.83 3.16 
2.97 3.30 

The distances of closest approach between metal and carbon have been shown^ to be approximated quite 
well by the sums of the Goldschmidt metallic radii for coordination number 12 and the covalent radius for 
carbon. It may be pertinent to point out that even better agreement is obtained by adding the ionic radii of 
the metals to one-half the layer separation in graphite. Hennig, who has investigated the electrical prop­
erties of many lamellar compounds, has concluded that the intercalated material is fractionally ionized, the 
fraction being close to one-third in the case of alkali metals. 
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The preceding information is sufficient to calculate the z p a r a m e t e r s 
for ciny des i r ed compound. As an example , the calculation is pe r fo rmed he re 
for a s ix th-s tage sodium compound, the hypothetical NaC.Q. 

o 
c = 170.64 A, and the z p a r a m e t e r s , in fractions of c , a re o ' ^ ' o' 

(A-type) (B-type) 
ZCl = 0.01342 ZC7 = 0.03305 
ZC2 = 0.05268 ZC8 = 0.07232 
ZC3 = 0.09195 ZC9 = 0.1116 
ZC4 = 0.1581 ZCIO = 0.1384 
ZC5 = 0.1973 Z C l l = 0.1777 
ZC6 = 0.2366 Z C U = 0.2169 

The derivat ion of these p a r a m e t e r s is shown schematical ly in F igure 5. 

12 
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APPENDIX 
STRUCTURE FACTORS 

It i s l i ke ly t h a t a few a d d i t i o n a l m e m b e r s of a s o d i u m f a m i l y of l a m e l l a r 
c o m p o u n d s wi l l be found. When o b s e r v e d , t h e i r i den t i f i ca t ion wi l l be a ided 
by the fac t t h a t t h e i r X - r a y p a t t e r n s c a n be p r e d i c t e d (page 5). In add i t ion , 
a knowledge of the s t r u c t u r e f a c t o r s would be he lpfu l . 

A c o m p l e t e s t r u c t u r e f a c t o r c o m p u t a t i o n for s o d i u m - g r a p h i t e l a m e l l a r 
c o m p o u n d s h a s b e e n c a r r i e d out wi th t h e a id of a c o m p u t e r . In t h o s e c o m p o u n d s 
t h a t a r e r e l a t i v e l y d i lu te in s o d i u m — s u c h a s N a C , . — the s o d i u m c o n t r i b u t i o n 
to the X - r a y i n t e n s i t i e s i s a l w a y s s m a l l , and s t r o n g r e f l e c t i o n s a r e s t r o n g 
b e c a u s e of a l a r g e c o n t r i b u t i o n f r o m t h e c a r b o n a t o m s . In s u c h c o m p o u n d s , 
on ly t h e fol lowing l i n e s wi l l be s t r o n g ( ind ices b a s e d on o r t h o r h o m b i c ce l l ) : 

C l a s s of r e f l e c t i o n E v e n s t r u c t u r e s Odd s t r u c t u r e s 

OOi if i = 8n if i = 4n 

40i 
26i if i = 0 o r 8n if i = 0 o r 4n 
661 

The following will be medium to strong: 

for all values of for all values of 
i , except i = 2 + 4n i , except i = 2 +4n 
and i = 17 

04i 
22i 
08i 
44i 
42i 
48i 

Appendix 13 
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