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PREFACE

This report was prepared by the Moore School of Electrical

Engineering and Science , University of Pennsylvania , Phi ladelphia ,

Pennsylvania 19104 , under USAF Contract F33615-75-C-5231. The

contract was initiated under Project No. ILIR , “Laboratory Director ’s

Funds ” . The work was administe red under the direction of the Air

Force Mater ials Labora tory , Air Force Systems Command , Wrig ht-

Patterson Air Force Base , Ohio , initially with Mr. Paul W. Dimiduk

(AFML/LPJ ) as Technical Moni tor , followed by Mr. Roger Rondeau.

Funds for this project were supplied to the 1\F Mater ials Laboratory

by the Office of Aerospace Research.

Work covered by this report was carried out from 1 )\uqust 197(

through 30 September 1977. The report was submitted hv the Univi.’i-sitv

of Pennsylvania in October 1977 for publication as an AFM1~ Technical

Report. An annua l technical report ~FML-TR--76-l~~ w . t h  the  sa me

title covered the period from 30 June 1975 throug h 31 July 1976.

The Principal Investigator for this projec t was F. Lincoln Vogel.

The synthesis of the AsF~ -graphite compounds was carried out primari l y

by Dr. E. Robert Falardeau. The measurements of electrical conduc-

tivity were carried out primaril y by Dr. Geoffrey M. T. Foley and

D r .  Claude Zeller  under N SF Contract  D M R — 7 5 - 0 4 9 5 4 ;  the resu l t s  of

tha t wo rk are inc luded here fo r completeness. The author , Dr.

Lawrence R. Hanlon , was involved in both of the above areas to a

limited extent, and in addition performed the rest of the work

reported herein.

The Appendix to this report contains the final report on

Task B entitled “Fundamental Studies of Graphite Intercalation

Compounds” which was f u nded by ARPA and administe red by AFML.
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SECTION I 

INTRODUCTION 

The Air Force has expressed a need for graphite-based mat ri ls 

which exhibit higher electrical conductivity and infrar d r fl 

tance than pure graphite. Such materials would be mos t us ful in 

the form of fibers because of potential applications in mposit 

construction mat~rials. In order to be practi n w 

materials must of course be stable in a normal atmosphe r f nitr 

oxygen, and water vapor. 

Graphite intercalation compounds arc reat d wh n f r i n m 1 -

cules or atoms are inserted between the pl n s of rbon at ms in 

the graphite structure. Th · number of ontiguous rb n 1 v rs 

b tween two successive inter alant layers is t rm d h "st " f 

the compound. Althou h int r eal ti n of r phit h s b n im wn f r 

ov r 40 years and many types of atoms and m 1 ul s h v b n i.nt r-

calated 1 ' ~ , no definitive explan tin xi sts f r t h ht mi.. l n in 

involved. Many of th s mp un s r syn h ti 

n, 

or basal-pla n (i . e . p r 11 l t th arb n l,y ' rs ~ n h11. t i vi i l' s 

o t 1/ 6 to 1/ 2 tha t of opp r. 

We hav studied th synth ti har t risti s, 

tance , and de conductivity of int r 1nli n m un s mn f r m H r' , 

raphi t and AsF 5 • \i h v dev lop d r ' durt. f r mn · .i n ,; ' m \\!Hi ~ 

of a pre-de t ermi n d s t a , w h v s e n x r m~ly hiqh in f dt"' 

r eflec tanc , and we hav som i n i a ion t hat hi h "r 

stable in norma l ai r. W ha v sh wn t hat t h bRsal-, lttne a-axis 

electrical conductivity can b , s high as th ~ t f si l\'ct· , l h ' l't':"t 

1 



1 m nt.1l onduct l' . Sine th nvir nm !'ltdl st bi1it~ f t 

h i ht-r sta " mp un s is promi in , Asr5- r hit is n i lly 

pt·n i ul ')lnth ti metal. 

ln ht.' t"t) rt whi h f 11 ws w \\'ill . j s uss in d tai 1 h' 

s~·n h sis f AsF .- rn hit m unds, h i r i 1 rcfl. n 

n:l d ' n lu ti vi y, and h ir stn il ' t .. 



— — -  - - - ‘~~~ ~~ - -—-—,--.
~~7 — ‘ -‘

~
- z~;— -~~~~ .-~~~fl~~~-r~~~’—- cm ’. “ ‘

~
‘ ‘  ‘ ‘ i ~~ - - ‘  - -i_ -~~~~~~~~~

SECTION II

SYNTHES IS

In this section we wi l l  discuss the mater ia ls  and experimental

procedures used in the in tercala t ion process , the analysis of the

compounds , and the unique characteristics of the reaction .

A. Materials

1. Highly—Oriented Pyrolytic Graphite (UOPG)

The material used throughout this work was highly oriented

pyrolytic graphite (HOPG) which was obtained from Union Carb i de and

used without further purification . FIOPG , also known as aligned

graphite , is created by simultaneously subjectinq powdered carbonIc

high temperature and uniaxial stress. The carbon powder is obtained

from pyrolytic decomposition of hydrocarbon gases , princi pally Cl-f 3.

The plates of graphite obtained from this process exhibit excellent

alignment of the crystallographic c—axis. It has been est~ b~ ishod

that with proper annealing the electrical and mechanical prc )perti es

of HOPG approach those of natural single crystals.

Although single crystal graphite is rare it has been extensively

studied and the band structure is well, k n o w n .  Since the properties

of IlC~PG are so close to those of single crystal graphite , the effects

of intercalation in compounds made from HOPG can be realistically

analyzed in terms of single crystal material. This is crucial to a

broad investigation of the properties of intercalation compounds

because natural single crystal graphite is not readily available in

the necessary sizes or quantities.

Pieces of HOPG were obtained from Dr. Arthur Moore of Union

1
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Carbide. These are from Union Carbide ’s regular production of

aligned graphite for x-ray monochromators, in which temperatures

of 3000°C and pressures of 500 kg/cm2 are used. The spread in

c—axis orientation is typically 10, and crystallite sizes are
8

typically a few microns .

2. Arsenic Pentafluoride

The arsenic pentafluoride was obtained from Ozark Mahoning

and was checked for purity by vapor phase molecular weight deter-

minations . In most instances it was found acceptable as received

(‘1% of theoretical value 169.9); when unacceptable it was purified

by trap-to-trap distillation and rechecked.

3. Fibers

Graphite fibers can be produced in several ways. “Thornel”

type fibers are derived from polyacrilonitrile (PAN) fibers by

pyrolytic decomposition. Pitch-and coal—based fibers are spun from

a carbon-rich liquid derived from pitch or coal. In all cases, the

raw fiber is heated and placed in tension , causing graphitization

to occur. Simultaneously , the graphite crystallites align themselves

with their ~ axes along the longitudinal axis of the fiber. Pitch
4

and coal derived fibers yield the best alignment.
t o

Samples of UC-307 graphi te  yarn  were obtained from Union Carbide .

This yarn is composed of 1000 pitch-based fibers , each lOll in diameter ,

and it exhibits a slight sheen . In addition , AFML supplied samples

of GY-70, GY-7OST , IIMS, and ILMU fibers , all PAN-based . The GY-7OST

and UMS fibers have an organic coating to reduce brittleness. These

particular fibers are of interest because of their use in composite

materials.

4
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B. Kxpe r i men t a 1 P rocedu ret ;

The’ graphite samples t o  be i n t e r c a l a t e d  were  cut t o  ‘~x i~ mm’

c — t a c o  t o o t  aug 1~ ’~ ‘i t t ;  i ug a 0 . 02 h cm d i  amend i-; I r i n g  saw . Add t l en t I

S~ IIUp I i ’S rou t ~ h nun 2 t o tsx 20 nuu wi’t-e a I so ; ut  e rca I at  i’d ; many of

those were cut to si :e us lug . t i  r . u b t a s  t o u t  In s t  oad of  t i n ’  st  i - I  l i s t  5 . 1 W .

‘rho j u t  1 a l  t Ii i c k nest; o t met ; t. it .tm~ i t ’ it w~ it ut th e  r a u l g i ’ 0 . 0.’ — 0 . 0~~4

i,’m; t- hose o — a x i s  th ickuiet ;t ; i i l c , u i t L u t ’ e I U t ’ l l t  5 WOF ’ utnudi ’ 115 I t i t i  .1 LIl t FOSs ’ t •~~~~ ‘

w i th a e,a i i brat ed ret Icu to ~si ’uti ; i t iv it y ~ x I 11 cm~ . The ; n i t  I a!

we i t i t i t  e t  I hi’ samp I es I t ’  I I i n  t t ie r an g e  l ’ s — ‘~t~ mg ( . t ) ‘ ‘ mit

A l I vet ta t i lo m at e r  i a i t ;  were maui i p u t  , i t  ed Ut  1 1 t o  t h u  st . u i i d t u i I

Ii igh  vacuum I eL’hui i S l u e s  in a • i  lass syst ciii egu I ppod w i t it i i  , l i ; : , ~~

Tot ion y~~ Ives  . When t ie~- ’t ; s . t i - v , i n l e t  0.1 Lit ed mat c i i  a i s  w e t e  handlo5t

Uflt l~~t’ .1 dr y  i i i  t l egen at ~u oi tp he i  ‘ s i  not ’ t i i i ’ l owest sI .g . ’ c t t m 1 ’o t u u ;d t ;

e x h i b i t  ed ex t  t ome Son;; it I v  i t v t o me i t t  U i  0. i i  nq w a i t  kept Ii ’

nun inium .

‘t”W() di t I •‘ieitt t et.’hti lSpi i ’i ; t t . t ~ ’ i ’ t t c i ’ ui  ent io ’1n’d ~ i ( l i t , ’ p1 ‘ u t ’ i t s , ’t i on 2

u ’I . \ it t ’~~~ t i ; ’ .t1~t i i  t i ’ ~~‘n i j s i t ; u u i & I ; ;  . lu ll I lis t I l i t ’  i ’ , t  I -  
~~\ j’ti .itn’s u ’I  t ii t uit ’ ’st I —

g.tt tO ll , 110W l y pt ’e}l.tI ’ t ’st t tMfl}’tt itlttiS w e lt ’ t i  .1115 t I ’ l l  1, - s i  tt us ,Lei t h y  ;ii t t t ’’lt ’li

I i’oni t he ’ ie.ui ’t oi’ (Vig . 1) I i ’  i1i ’I 5 .t l ’~ % t t ’  s~ ’oot at S O i l  t,’t t f l t  i t  l i t ’ t ; ~ t t ’u ’

n le . ISU Ie IUeh l t S  o t  w e t  q ht  upt  .ike , x — t o y  i t t  g i u t  t t t i’e , and o!’t i t ’a I u of  lee -

t a toe ( F’ i g  . . W I t h  t h e OXt ’t ’pt i on of I l i s t  sI age , ito ev I itence of

tie I i t t  e u-a t.t i en was soon in any of  t hi’ btt ,l k m t ’a su t o m e n t  t ; (e . i i  • we i siht
x — r a y , conduct  i v i  I y )  as a i con It t’t ( hi’ I t a u t ;  t o t ’ . The p ; o ct ’ d ; t u i ’ w a i t

hi’ ti’ fore j udqed 1 o be .t wot-katu to out’ an~1 the l’ i ’S’i l  It 5 01 t he I t ’ 1 leo—

.m ct ’ mt’aBUrt~mi’uit ;; wet-c cons i do t ed 1 0 hi’ v.t I i d .

F i t -n t  S I age AnF , samp 1t~s , howeve t , a lw.iy~ exl~ i hi t ed  S i gi~ j t i c a n t
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decomposition during a transfer as indicated by loss of the blue

color from the surface . This occurred immediately upon opening

the reactor no matter how pure and dry the N2 atmosphere. This

behavior indicated that the decomposition occurred as a result of

an insufficient partial pressure of the intercalant in the sur-

rounding atmosphere , which in turn suggests that these penta-

fluoride intercalation “compounds’ are instead solutions. It was

evident that in situ techniques would be necessary to measure first

stage samples , so for optics the reactor was modified into the

confiquration shown in Fig. 3. In this na~ .ified design the quartz

sample arm allowed in situ optical reflectance measurements down I.e

0.5 eV; for measurements down to 0.07 eV a similar reactor equipped

with KBr or AgCl windows was employed . Although no significant

difference in conductivity was observed between samples measured

in situ or after a transfer , in situ techniques were also adopted

for conductivity samples in order to achieve tighter control over

the sample ’s environment.

The AsF~ —qraphite intercalation compounds were prepared in an

i nve r t ed  h shaped pyrex reactor equi pped with a glass—Teflon v a lv e

on the s idearm ( F i g .  1, F i g .  ~) .  The m a i n  reac tor  tube was made ci

½” 0. 0. glass , the top of w h i c h  was fitted with a Swaqelok ~~

f i t t e d  wi th Te f lon  f e r r u l e s. This arrangement allowed easy insertion

of the solid graphite reactant and removal of the i n t e r ca lat e d  p r o t l i o t

from an otherwise closed system. The typical total vo l ume of the~ t’

reaction vessels was 10 ml . Reactions c o n t a i n i ng  t ip  to 1 . 1 a tmos t ’h t ’ t ’ t ’;;

of AsF 5 were success fu l ly  executed w i t h o u t  leakaqe th rough  t h e  ~~~W a q t ’-

b k  connect ion.

6
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lii i I t a l l y ,  f o r  oout~I t u c t  l v i  ty  m c a s u i - e m i ’u t t  s I he sampit ’ 01 5t r o 1t i i  i t t ’

to be iltI c t -ca  lot  ~‘d was supp or t  Oil I i i  t h e  t - e5 t t ’t ot i t t  a Ioo ;;e ’ I’t W I  h i ’

sp u - a l  w h i  cli per formed two I ‘in te l  jeits . 1’i rst , t t  lie Id t l i t ’  s i t  , i 1th  t t o

i n a st ab l e  t’o~ t t  (o n  su ch t h a t  cen t;  1st i’t i t  t l i i  ok i i1 ’t ;~; mi’,is uromei t t . t ;

could hi’ made in  i t t  t u .  ~;t ’eend , it . suapendt’d t i l t ’ iii ap i-i i t  t ’ , t I i s ’V ’  t h i t ’

hot t t im of  I he react ot . ‘I’ll I S i t t ’s ’Ol t s j I t,t f l u ’t  I t il t  i ’ll _ il l ! i ’d I lit ’ I i t t  t ’ i O a  - -

l o t  out pu oc ’s;; to t’ iOs ’t ’ i ’d out t i e  ly ‘iii I lie ’ v . t pou  t s i i . t ; ; i ’ w i t itotu t coit—

I act with Asi-’, I i slit Id ~t t t i I ilq t hit’ t i t i  t . 1.I 1 W O lul l ll~1 Pt s ’5 i ’ 5S  . l i i  t i t t ’

tnt ’d i t i t ’d do;; i g l i  , ( i ii’ A s h ’ , was condi ’i ise ’ ,( u i lt o t ilt’ SIU.i 1 1 t.~~t t ’ a t

1-’ i q . 1) i i i  ii t’~le 1 0 .iy o i i i  01111 t i - I o f  t l i t ’  ~ .ttiip l~’ , t t i ~l 1 i g i u i  s i  A ;;

net ’ m o a i ; ’ i i t e ’nn ’li t 5 of  I hi ’ ‘pt 1 c.t 1 l e t  i t ’d . l t i O ’ W e l t ’ 1 t ho p o t  —

I ormod , t he’ gnat t t y  01 t lit ’ stir I , t d i ’ of l i t ’ t n t e u.-c .t 1 , t t  i s ’l i  ~-outlpo’inlii

W.I;I of p r 1 1111.’ i mpot’t ,ilii ’s ’ . \‘a }soi’  pii,isi ’ t i t t  e ’ it ’, l l  t t  t O i l  i~’e .  t ’mp t~ ’yed

e ’x cl ‘lit t c - e ly  lot mi ’,t~;tt rc5l :t . l i t l p  le : ;  hi ’ca t ; ; ; i ’ i t  w. u ; ;  I ot i i td  to ~~‘t  s ’~t t t ct ’

lt ’Ss iut’cliaut t cat ~l I S I s I  I t o i l  and S I L t  I , l c i ’ s ’e t i t  . 1111 1 i t . t t  t on  t h.utt .1 t . ~~ii i d

t ut er c o  t a t  ion . Mit t in t l s - i  t i g  nui ’diiaii tea I si I ; ; (  s i l t  I t 1 1 1  W a ; .  0 1 5 5  I t Ip t i l t  .l I i t

s i~ t ile ’ U • I . os s l i s i t i s ’ I I ~
‘ t t  ‘

~ 
illt ’ _ t ; t t I l ’ i ’illi ’i’t t I e’dflit I gilt ’ i’mi S ~‘‘~‘~l . ( I i  ~t i t i !  t —

u c i t  , v .n sot  l i l t  01  ca lot i O t t  iii t u t i l i l -
. s ’d t i ~~ so t  eli I i ,; 1 i~~ ; o ii 0 l 0\ ’  I

Wet I t t ’ .111.1 l y t t i  5 ci  ( lie ’ cu~ m t s s~~’i i n s t ;;  by ro~iu. ’ t n u t  t i l t ’ Ii k~’ 1 ho~s~t 01 al t

act’ttmulot i on of t i t i ’ jut O t  c_ i lout  i i i  t n t  ci oct ,u& -h in I he’ si iap ii t I e ’ .

To j ’i -oslt i i - t ’ ,i i ’om1~ot l l t t i  , t i l e ’ l t ’, ’i c t  01 W I S  I i i  st c t i e t  ii! Iv ~‘

,ttiul baked t t r y  i t i  an O\’t ’ll . A t I e r  it was renie~ t’tI and ,t 1 1 owed I o coo 1

o room t t ’fllp t’ r a t  t i l e ’ ,~~~~~t i e ’.t f i  1 y ~~
‘ l e ,w t ’it ‘ i — ‘ix S x t l  s umi p i e~’~’ of lh’iW’i~

wets p 1 .tce ’il d i . t s l S ’ il , i  L i  y in t h e ’  ;; . tn q s l t ’ .t i- ni.  ‘l’he ;;w.i t e ’ I ok ~‘ap w.is t i t —

sta I It’d , then l iii’ cnti I I t ’ react ot watt hc.t I ed i n .i ~t o i i  t 1 .11110 Wil le

under dynami t~ vacuum • At  I o u -  the  r ea c t  it i’ coo I i’d I o room I empo rat tire

a mv~ nurod amount of put  r II I t ’d 1~sF , was cou lden sed h u t  o t he’ sni,t I i  .trIU
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at —196 °C. Typically , 0.5 — 1.5 m mole ‘ .03  mmol were used . Since

only the bottom of the vessel was cooled the graphite did not vary

appreciably from room temperature . The reaction was started by

allowing the AsF5 to warm to 2 3°C, at which temperature it is a ll

in the vapor state. The initial warming period mentioned above ,

during which the A5F5 warms from -196°C to 2 3°C, was typically less

than 2 minutes. No observable reaction (thickness) occurred during

this time . For a typical 35 mg sample and initial pressure of 1 atm ,

the final pressure was .5 atm over a second stage compound . Whore

possible (i.e. for conductivity samples), measurements of the sample ’s

thickness were made at intervals of approximately ten minutes in

order to track the extent of intercalation . These thickness measure-

ments were done using a microscope with a calibrated reticule . For

samples that were transferred , when the desired stage was achieved

the compound was removed , weighed , x-rayed , and transferred to the

measurement ampoule. Reactions were stopped by opening the vessels

in a nitrogen atmosphere and removing the intercalated graphite from

the system . This method was utilized as opposed to ambient tempera-

ture vacuum removal of the excess AsF5 because the intercalated

samples of the lower stage tended to severely exfoliate (essentially

explode physically) under vacuum.

As indicated in the next section relative c-axis thickness

increase At/t0 (to = initial thickness) proved to be a reliable

indication of the stage of intercalation for stages 1 - 3. It was

the primary monitor used to decide when to terminate reactions at a

specific stage of intercalation . Unfortunately , utilization of this

8
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technique in attempts to prepare 4th and higher stage compounds re-

sulted in materials of mixed stages (x—ray , gravimetric analysis).

Gravimetric and x-ray analyses , coupled with the c-axis thick-

ness measurements , were used to characterize the resulting compounds .

Gravimetric analyses were made by weighing the intercalated samples

while enclosed in prewe ighed Teflon containers. X-ray data were

initially obtained on a Bragg diffractomcter with a Cu source . The

moisture sensitivity of the intercalated materials ns’5’essit tted the

construction of a special x—ray holder , which consisted of an aJu-

m inum body wi th “ plastic wi-op ” w i n d o w  and a K c i — F  so row p luc  . ~ an ;t ’  los

were transferred under dry nitrogen front th~’ Teflon container into

this holder; the c—face of the sample was placed f l a t  a q a in - ;t  t h e

window . The Rd —F screw pluq was adjusted to suoport the sample

aga ins t  the window ; Tef lon tape on the screw threads  cns tn ~ ’d a

closed system. The orientation of the holder was such t ha t  only

(00 1. ) r e f l e c t i o n s  were observed. A f t e r  in s it u  t e c lu i ig u e~ we re

adopted , the use of a Mo source ~:llowed x - ray  analysis of i compound

through the walls of its reactor.

C. Reaction Characteristics

The intercalation reaction for AsF5-qraphite exhibits severa~

uni que characteristics . First , although the reactions are qcnt ’rallv

rapid , there has been no problem with self—cleaving or f r a v i n a  of

the samp le ’s edges , even for  the f i r s t  stage compound s. The st;; faces

of in te rca lated  samples remain as specular as in the p r i s t i n e  s t a t e ,

so scattered light is not -i problem in optical measurements. TI’it-

color of the compounds ranges from metallic blue for stage 1 to

metallic silver for stage 3.

9
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Second , the i’oilipounel s e txh ib i  t di acro to , spout .tneous th I

s’l l s i l l u je ’S dur t u g  ititore-alat ion. A t y p i c -al cu rve’ I ;; shown in F i g  4 .

ThiS phellomeiton ot “ St  aq t u g ” has b~~e’ ui SOe ’!i ~) t t ’V j O Lt S  ly on.1 y dur  i no
I I

de’sorp t i o n  o t the jute’ US ’St 1.-it o . i~ t tc i ru characteristic is I lie ’

1 tICrOOSe’ I ll t h i ck n e s s  .t [ou st  the’ c— .txt s observed u pon i i t t  erca lot tout

of a a.imp it ’. ‘t’ .tb I t ’ I p ie s e ’nt s I ht’ote ’t I cat and expt’rimenta I va I uvs

o 1 the  c— tx ( l i t ck i i e ’ s s t nc t e.i Se ’ , \ t t - Th e’ t ht ’o t o t  ical v.i 1 t ies

are sler ey ed t 1 0111 x— ray chit a. ~:xper intent at c’ . t i  Lie’S toi tourth and

c t Ui st O u j e ’ .It t ’ not 1 1st e ’~ t bec.tus~’ i t  was not poss b I t ’ to prep.i it ’

homogeneous compounds 01 thoSe’ si . t s l e ’S . ‘i’he e x~-e I L ent .tq ree’liie’n I

Oht a e ii~~ st f r o m  st s i s le ’S I — ~ i s  c l e ’.it’ lv  e ’V I de t i t  , however. React ion

time s t i e ’ e ’s t e ’d to produce tin t fo rm st .1s t ’; ;  1 , 2 siUlci I We ’ i t ’ OIl t he” orde i’

ot 20 — 73 h i f o r  St i s l e ’ 1 , 5 — 21) h f o r  st .t~j e ’ 2 , and 2 — ‘i h t o t

st .ioe 3. i’t’e~’ise react  ion t jutes for a c i i  c’t ’el s . tnip to  I ~e and i u-ill 1

pressure  cannot be quoted be ’c . t i t s t ’ t he’ re.Is- t ion rat es wore strong I ~
‘

sa mp le—dep endeul .  The e’ was .t sl ene ’u . i  I t r e n d  t ow .iid last or re.i5-t i s ’ns

as the m i  t e a l  AsF~ pri’ssure was tncrt’.isesl I i .iuiqe ’ 1.0 — I • ji ,-t t ni )

howeve r the’ sc.it t eu m u  was itO 1 .trge’ as I 0 p r Oc  1 ude’ ,t dete rm i 1101 1011

of the pressure de’petlslene’e of the ’ i t ’ . Is ’ t ion rate . St Is le ’ I compouiids

would not t erm il l  r ea s o n a b le’ t i mes  t d a ys )  when t he’ i nit i al  AsF ,

pr essure? was less than  1 .0 . t t  m. ‘L’h is  is  not an inch tc~it  ion ci a t i - tu ’

pr essure—compos i t  j o l t  c’ t it~ s~ t , however , because at  asic’ 1 w .t ti t ’ ve 5n t i i , i  l i v

. t, ’h t evod w j  Iii ex tended  ro5ic t ion t l ute’ (week s I

The AaF , cirap hi to compounds Wet ’ e ’ u -li ai-ac’teu’ ~ed by o ray  l itie ’t i t s ’

and x — r a y  analysis and bc measurement it ot th i ckiie ss t ticte ’aite

Numerou s  results have established a composit ion ot t’81~
AsI-’s.~

, where

~~~1
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n•stage. X-ray analysis has given the rep at distances shewn in 

Table 1 for stages 1-5 . 

Two fat r s make preparation of uniform stage 1- 3 AsF r. ­

graphite intercalation c ompounds practi...,a l by the dir t vRp r 

phas'3 method described herein. First, as shown in Fi . . 4, tl~ r 

is an o bvious, spontan ous "staging " obs rv d as pl t a ux in t h 

c-axis thickness plott d as a function of r a tion tim . Thes 

plateaux occur at expansions corresponding t o spe ifi st J s al -

c ulated from x-ray data rep ~t distan e s; s Table t. s ~ nd , 

ther is e xcel! n t orr 1 ion b tw n th vi s u lly bs rv 

-axis thickn ss i ncr as - a nd t h a tu 1 s tag of i nt t rc 1 tin. 

Th re is no fray i ng o f th a sampl ' s d s , r " xfolia i on." Thi s 

characteristi allows a ur~ .t tr king f t h thi kn ss i n r as 

with simple opti al equipment. 

Early in t he r action s r i s of a nnular st ps app a rs n 

the c -fa e o f the sample . TlP Sl steps c r.. inually p r paq.\ t wen 

the cente r f th s mpl ; by th tim t:h m und Ins r ,. ' h l thi n'i 

stage th steps hav . isapp ar d. Further -axis xp nsi n f t h~ 

compound occurs uniformly , maki n th t h i kn ss m asur m n ts n 

a ccura te reflection of the sta f or stag s - l. 

The presenc • of the ste ps explains both th "' " four th" nnd "fift h" 

stage plateaux in Fig . 4 a nd the i nabili ty t produ h m c: n us 

compounrts of these s •· '\ges in a n isothe rmal system. 'l'hi kn ss m as ur 

menta are made at the sample's ed')e; the st ps arise from th 

diffusion of the intercalant between carbon lay rs toward the center 

of the sample. Thus when the edge is fourth or fifth stage the 

11 
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center is more dilute , onversely by the time th center has r each d 

fourth stage the edge is t hird. The reason for th uniform oxpansion 

beyond thi rd stage is unknown. 

The orrelation of thickness incre so to sta {llld stoi hlomoL t' Y 

is s hown i n Fig . s . This is a plot of 100/ % AsF5 intorcalat d vs 

t
0

/ ~t . The ircles are th~ theoretical values for n • 1 - 4 bas d 

on c9nAsF 5 and a c-axis t hickne ss chan e cal ul t d from r p nt 

distances (x-ray ). The other data are from a number of indop ndent 

re ctions in which experimental thickness change , gravim tric r sults, 

and x-ray data we r e obtained. The e xcell nt agreement demonstrnt~d 

in Figure 5 between e xpe rime ntal and theoretical values reflects t he 

predictable character of the r eaction; this was f urther confirmed 

by t he uniformity of dtage 1-3 sample s indicated by x-ray ana lysis. 

I n contrast , the values of 100/ % AsF5 obtained from atten~ted sta e 

4 preparations are scattered, as expectod from th previous dis ussion 

and th xpe~imentally observed mi xed sta x-ray dnta obtain d n 

th se samples. 

Th ~ P nt ,11 <- u::. s ·ta . ing bs rv d i n · h s 1\sF 5 i nt r al" ti ns 

is n unusu l ph nom"n n. Nhil it h s b f'r\ kn ,,·n ·f r s m ~>im'- th<1t 

t \vO-t m rf-\ ur sy::;t m an b us l t v r •:l th" stage; of 3 1\ in · "r-

lati II ompound by v ryin t h t mp ·r tur di f "rt.'ntial , we ~ 1 i " \ ' 1. 

t he AsF5 system is t he first t e xhibi t sp n a n us su ossiv(' s te 

i n -axi s thickness under isothermal onditi ns whi h a ur t()ly 

reflect the stage of the compound. All of t h rea tions obs rv d 

exhibited t his staging, however, the location and duration of tho 

plateaux in term• of r~action time varied somewhat from sample to 

&M\ple. 
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SECTION III 

Optical Reflectan~..,e 

A. Meaaurement Procedures 

The optical reflectance meaaureme.nta ha~ a twofold purpose. 

One aapect is the determination of the reflectance of intercalation 

compounds in the "middle" IR range, approximately 5-lSu. The other 

was the determination of the conductivity of th material through 

analyais of the metallic edge which appears in th ref l tance 

spectrum. To cover both of thes cases th t· flectan e spe trum 

was measured from 17.7u (.07 eV) to .62ll (2.0 eV). 

The measurements were done originally by transferring th 

sample from the reactor to a measurement ampoule equipped with a 

KBr window. There were two drawbacks to this techniqu ; first, 

the transfer was a difficult and tricky procedure, and second, it 

was not possible to measure pure first stage because these compounds 

always decomposed significantly during the transfer. Therefore an 

in situ technique was adopted. Using it, we were able not only to 

measure first stage but also to follow the entire reaction: to ob­

serve the transition from semi-metallic behavior to metallic be­

havior. From a aolid-state point of view, this may turn out to be 

of greater significance than knowing the reflectance as a ftmction 

of stage. 

Of greatest immediate significance was the discov ry that some 

decompoaition had occurred on the surface during the transfer, an 

inaignificant amount on the scale of the bulk measurements but 

13 



enough to gr atly alter the optical si9nature. Thus we learned 

that it is necessary to perform the optical measurement in situ. 

As mentioned in Section II, for the !.!1 situ optical measure­

ments it was i11\l)ossible to measure the thickness of the compound 

during the reaction. The method adopted for stage identification 

was to continuously measure the changing Drude-like edge during 

the reaction and to identify those curvea for which the change 

temporarily sto!)ped as being chara.eteriatic of a certain stage. 

Then, working back from stage 1 (identified by its characteristic 

blue color), the other stagt were identified. This procedure 

is reasonable beca\.~se both the thickness and the conductivity also 

exhibit diacrete •staging~ phenomena. 

The optical reflectance of the various intercalation compounds 

was measured from 0.01-2.0 eV. An automated single-beam spectra-
\ .. 

meter eft\Ploying glass and CsBr pr.isma, a thermocouple detector, 

and evaporated gold reference mirrors was used. Measurements were 

carried out at near-normal incidence using un,polariaed light with 

i .l c. 

B. Results and Discussion 

Observation of the emergence of metallic re.flectance during 

intercalation with AaF5 was possible because of the adoption of 

the in situ measurement technique. Typical results are shown in --
Fig. 6. The curves labeled 1-3 were taken at 10 minute intervals: 

fourth atage was achieved after 90 minutes. Note that a metallic 

reflectance edge vaa observed well befor• fourth stage was achieved, 

14 



i.e., at low intercalate concentrations amenable to treatment by 
1 5 

the concept of the •dilute limit.• 

In pure graphite no reflectance edge is observed because of 

low-energy (~ .02 eV) interband transitions which occur near the 

Brillouin zone boundaries. These are indicated in Fig. 7, which 

shows a portion of the graphite n bands near th~ zone boundaries. 

The preaen~ of these transitions gives rise to a large imaginary 
~ 

component of the core dielectric constant (£graphite = 4.4 + i 11 
1 8 

@ 1.5 eV), which in turn broadens the would-be plasma edge 

so drastically that it is not observed. 

In the dilute limit concept the graphite band structure is 

assumed to remain unchanged for low interc~late concentrations, 

and the effect of intercalation is modeled as a change in the Fermi 

energy. 15 We see from Fig. 7 that as the Fermi level decreases 

during intercalation of AsF5 Can acceptor), the transitions near 

the H point require an increasingly higher energy. Thus, as the 

reaction progresses, these transitions are increasingly inhibited, 

the imaginary contribution to the core dielectric constant is de­

creased, and the metallic reflectance edge is observed. It would 

be interesting to determine the excess carrier concentrations, and 

therefore the shift in Fermi level, for which the metallic behavior 

appears. Unfortunately, the reaction does not proceed homogeneously 

at such low intercalate concentrations. 

At higher intercalate concentrations distinct stages are ob­

served. The reflectance of AaF5-graphite is shown in Fig. 8 for 

stages 1-4. The moat striking feature of the stage 1 and 2 curves 

15 



ia the •i~le .. tallic behavior -- the reflectance ia high below 

the plaa .. edge, the edge ia aharply defined, and the Bdnimum 

reflectance ia low. In common with other acid compounds, 17 the 

firat stage minimum is at 1.77 e\ and the material exhibits a 

metallic blue color. Second and higher stages exhibit a silver color. 

In Fig. 9 we compare the reflectance of third stage samples 

meaaured ~ ~ and using the original transfer technique. Both 

type• of sample• ahowed weight uptake and x-ray signatures that 

would indicate a pure third atage compound, yet their reflectance 

ia 4raatically different. By coaparison with Fig. 8, it ia evident 

that the reflectance of the tranaferred aample acquired a predominantly 

fourth atage character. As discussed elsewhere, 11 a similar effect 

is also obtained if the compound is subjected to a vacuum. Thus the 

lack of an appropriate partial pressure of the intercalant in the 

compound's environment results in deintercalation which evidently 

~ommences a t the s urface. Evidence which suggests the desorption i s 

l i mited to the surf ace will be discussed below. I n any event, it i 

evident that optical reflectance measurements on pentafluoride in t e r ­

calation compounds (and possibly all acceptor compounds) 1 ~ must be 

performed in situ. 

Because of the distinctly metallic behavior of these compounds, 

Fresnel's equation for normal-incidence reflectivity can be fit t o 

the data using the simple Drude model to describe the dielectric 

response of the free-carrier plasma: 

Cw2 + iw /T) • 
(1) 
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By doing thia the plasma frequency wp and the scattering time T 

can be obtainedr they in turn are related to conductivity by 

(2) 

To obtain the beet fit to the data it was necessary to include 

a small imaginary component o f the core dielect ric constant . This 

i ndicates tha t some low-energy i nterband t r ans itions sti l l exist , 

but the ir aggregate str ength is approximat e ly two orders o f 

magnitude smaller than in pure graphite. The results of the fitting 

for atagea 1 and 2 are ahown in Fig. 10. For stag~ 2, the center 

curve repreaenta the data and the beat fitr the other two curves 

repreaent acceptable fita conaidering the meaaurement error. For 

atage 1 the aolid curve ia the data and the daahed curve repreaenta 

the beat fit. the plaa .. frequenciea liated in Table 2 are well 

eatabliahed by the curve fitting, the conductivitiea are aomewhat 

leaa certain becauae of difficultiea in eatabliehing the correct 

acattering ti... The valuea quoted are obtained from the beet fit. 

In addition to the plasma edq~, the fourth stage curve exhibits 

a strong absorption at .56 eV. This absorption is presumed to be 

a band structure effect since it appears early in the inte rcalati on , 

grows to a maximum at fourth stage , then di sappears by se cond stage . 

The origin of the absorption is unclear at prese nt . 

The r eflectance o f the thi r d st~ge corupounrl can be fit prope r l y 

only along the edge. The maximum r efl ec tance is t oo low to yield 

a reliable value for T , so only wp i s presented in Tabl e 2. This i s 

undoubtedly caused by the remnant of the .56 ev absor ption: t o f it 
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the data properly a Lorentz oscillator should be included in the

dielectric function .

It is evident from Table 2 that the first and second stage

values for e are in good agreement with a . This is the ex-opt - dc

pected behavior for a simple metal. Conversely, the plasma fre-

quencies for stage 2 and 3 are nearly identical , and for stage

1 is the smallest of the three. This is surprisina in view of

the fact that the concentration of intercalated ASF r is 3 times

hi gher for first stage than for third. Since

2new = 4ii —i—- ( 3 )
m

*where n = carrier density and m = effective mass , either the free

carrier generation per intercalated molecule drops rapidly for the

lowest stages or the effective mass coincidentally increases with

AsF5 concentration. The availability of reliable data from !-lall

measurements should resolve this question .

Comparison of 2nd stage data for ASFr and 11N03 compounds

shows the plasma frequencies to be very similar , but the Cd are

different by a factor of 2.1. This implies that the h igh  con-

ductivity of the AsF5 compounds arises from a long scattering time .

Further evidence for a longer I is shown in Fig . 11; the sharper

plasma edge of the AsF5 compound also implies a larger value for

the scattering time.

The reflectance of the AsF5 compounds exhibits an interesting

interstage behavior. From stage I and 2, when the compound moves

on to the next lower stage the plasma edge first broadens , then

lB
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moves to a higher energy , c~fl(1 f i n a l l y  becomes sharp again. The’

broadening of the edge imp lies a decrease in -t , which would be

consistent with t he  reduced interstage conductivity observed by

Foley, et al. However, the dependence of the reflectance on

material Properties is complex , and the presence of onl y a smal l

amount of a second type of plasmon (i.e. carriers in the  vicinity

of incomp le tely f i l l e d  l a yer s)  is also capable  of p r o d u c i ng  the

observed e f f e c t .  Thus i t  is not possible to t o l l  f r o m  optics

i f  the scattering time does in fact decrease between stages.

Observa t ion  of  the behav ior  of a ir-exposed AsF~ compoun ds

suggested the p o s s i b il i t y  of a c h i e v i n g  acceptably  h i gh  c o n d u c t i v i t y

and reflectance from compounds of h i gh stage. A h i g h  St ace inter-

calation compound would  h av e ’  the t w i n  advan t age s  of iisinq less inter—

cala nt  (the re f o r e  lowe r cost ) and being of lower density .

Accordingly, a r e a ct i o n  was run w i t h  a q u a n t i t y  of A SF r cal-

cula ted  to be s u f f i c ien t  to p ro d u c e  a s t a g e’  6 compound.  The re-

action was run w i t h  s tan d a r d  t e c h n i q u es  and c o n d i t i o ns , a n d a

f lectance spec t rum r em i n i s c e nt  of at  a~~e I was  ccbt a in ed .  X ray

a n a l y s i s  showed a m i x t u r e  of stages I and  5; o b v i o usly  the cen te r

of the sample was still pure gr a p h i t e .

In an attempt to h o m og e n i z e  the samp le , it was h eat e d  t o  1 0 5 0C.

After two days little change was evident , and the x — r a y  spect rum s t i l l

showed a mixture of stages 1 and ~~~. The sample was then p laced  in

a 155°C oven. After 1100 hours it was checked again; the x—ray

spectrum indicated stage 6. It was necessary to transfer the sample

to a new ampoule for the reflectance measurements; it was also

weighed at this time (all under dry N2). The st-chiome try was con-

19
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siderabl y more d i l u t e  than expected (C 64 A SF ç in s t ead  of C 4 8 AsF 5
)

and the reflect auice spectrum was t -’ssentl all y i d e nt  i ca l  to that of

pure graph ite .

Two of the possible explanations for this behavior are that

either t he re f l ec tance  of stage 6 -~sI-~ — graphite is little ’

different from pure graphite , or , the surface of the sample be-

came further d i l u t e d  during the transfer to a new ampoule . We’

re-ja rJ the l a t  t ( ‘F as the more pt’ohah I e .  In  any event  I t appeaxs

t hat  h i g h — s t a g e  m a ter i a l s  cannot  be syn t h esi  :~ed direct l y by the

simple process used for stages 1—1.

20

—-- -- - . 5 ’ -  ——- ‘ -  - ——_____



-‘—‘ —,--— —--‘c- -- 
~~~~~~~~~~~~~~~~ ~

—,-
~~

-— -_-
~
- ——‘---~~~.~~~~

- —-- --.“--- — .5—c--- — -.— —.5 _-~~ .. _ 
________

F— ‘ - -- - ‘ ‘ -  —‘- --r - - ~~~~~~~~~~~~~~~~
-
~‘p-- ’

SECTION IV

ELECTRICAL CONDUCTIVITY

Several members of the group studying graphite intercalation

compounds at Penn have been involved in the investigation of trans-

port properties of AsF5-~jraphite compounds. The initial measure-

ments employed a four- or five-arm Hall bridge technique and were

carried out by T.F~. Thompson . They indicated  a conductivity increase

of 8—10 times over ILOPG at  second stage. These measurements were

a f f l i c t e d  by a poor rcpeitabi ii ty . A seoar . tt  e Se r i e s  of measurement a

emp loying a contact less RE-’ i u i , t u c  i on method was pou- toi-mod by ‘ . ~el I t ’ i

and G . M .  P Foley . - 1Iu ~ at - nu t i . u  a u it -mo nt a i n t l  u c a t  ed an ext re ’una I y hi  g h

conductivity for t h e  l owe r st ag t ’s  • wi tti a max i mum value’ i t at  age

two rivalling t h at of s i l v e r .  T h i s  sect i o u i  is  a sun~~ary  ot  th e ir

work .

Measurements  of th e ’  l) 15 i I ~~ c I ~lflc ’ coi~~liic t i V i  t V , - ‘ , I ~‘O i I ~ ) fl1k’d

us i n 1  a contact I t’SS r . - eddy— cur vol -u t  loss t eehn  i gut ’. Pt - I a i i  a ‘ 1

this technique -ire gi \‘c’Ii 0 l ,- i ewl ie i - .’ t h e  t w o  tr te ’at  S i  l I t  i t  C I f l t  t O u t  U I  e5

are th~’ cont act less  i ,ituu’e of th e ’ measure-mont a and i t  i U 5 t~~5 i t  t\’ i ty

to  the c—ax is c on tj i u c t  i v  i t  y - ‘ and the i- c-fore t o  the ani set t ept’ .

Independent measurements of ‘ by means of a simple 4—prot cu ’ d.c.

method in con ~Une’t io n  w i th  i — a x i s  data f r o m  the  r .  f .  t t ’ch n i quo ha s

pe rmi t t ed  cli’ tt ’rm i na t  ion o t t h t -  anisot ropy rat  io  a ; va 1 ties ob t ,u  t ned

for  low stage compounds are ’ -u 10 1)
.

Under  condi t ions  ot such OIlc Sf lh tOUS a t i  i sot t epy i t  i s  v u  it ua Ily

impossible to sa t i s t y  the bas ic  p r e m i s e  of  u n i t e r m  cu u i  cu t  density

be tween the vol tage contact s  in  a 4 — p o i n t  b r i d g e ’ measurement of

a—axis conductivity. ~\ t  t he  cu r ren t  cc,tu t act a the’ samp le anti t he’ g o l d

- _ _  
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wire which introduces bias current form a current divider distri-

buting current unequally between the surface and bulk layers. The

quasi-two-dimensional nature of the material tends to preserve this

non-uniform current density as the current flows between the current

contacts. A careful study of the problem then , suggests two con-

clusions with respect to use of the 4-point technique for measurement

of basal plane conductivities in these materials. First , uniform

current injection at a current contact is essentially impossible to

achieve. Second , once injected non-uniformly, negligible current

spreading takes place between the current contacts for samples of

any practical length.

The magnitude of the latter problem is emphasized by consider-

ation of bridge sample aspect ratios (length/thickness). To allow

for small deviations from perfectly uniform current injection it is

desirable with an isotropic material to use bridge geometries with

an aspect ratio -
~ 10. The ratio for typical (anisotropic) samples

of AsF5-graphite , 0.05 cm thick , is 40. Van der Pauw 
1
has shown

that mapping of the aspect ratio to that for an isotropic equivalent

sample is -. & t
1”2

. For ce = 106, therefore , the effective aspect ratio

f or the AsF5—graphite samples is 
— 0.04. Further , in order to achieve

a respectable ratio of 10 the sample thickness would have to be

2pm , which is impractically small.

Figure 12 shows in situ r.f. data , AT (where T 2ii/~c and ~ is

the frequency of oscillation of the system) versus time. The inter-

calation process is seen to be well behaved showing plateaus where

little change in signal is observed over a finite time period . This

22
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phenomenon is generally referred to as staging ; each plateau can

be identified with a particular stage n. A corresponding plot

of relative c—axis thickness change ~t/t0 versus time shows plateaus

at similar locations. The upturn in ~T at the end of a plateau

before that in At/t is a characteristic feature of the interca-

lation process in AsF5 compounds. The point of completion of a

uniform stage is found to correspond to the end of a plateau in the

versus time plot as indicated on Figure 12. This well defined

staging makes AsF5 compounds particularly attractive for study

since preparation of low stage compounds of a single unique stage

is relatively straight forward.

Shown in Figure 13 is a plot of 0a versus stage from r.f. data

for both in situ samples and those of fixed stage . The c o n d u c t i v i t y

peaks at stage 2. Scatter in the data arises largely from sample

to sample variation rather than uncertainties in the measurement.

The highest observed conductivity is therefore assumed to be the

most representative value for a particular stage in the sense of

being that for a sample closest to ideal. We have concluded that

AsF5-graphite has a peak a-axis conductivity 0a (6.3 0.7) x 10~

(c~cm)~~ at stage 2 where the quoted error is the experimental

uncertainty . This value must be regarded as conservative however ,

since corrections for sample imperfections of any kind all tend to

increase the calculated conductivity .

Figure 14 , c-axis conductivi ty data versus stage from d.c.

4-point c—axis measurements , shows a which decreases monotorii-

cally with progressive intercalation. This behavior is common to

other acceptor compounds as well. This is a result of decreasing

23
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orbi tal OVC’ r lap conconun i tant with the c soac i ng i norease that

occurs  w i  th intercalation . Using va I Ut ’s fo r  a t rom r. f - measure-

men ts we f i  n d an ani so t ropy rat i o -‘ “ 10~
’ f o r  n • Note that

S t age  has  been de t e  rm i nod in  t h ese  mt ’aa t i  t eme n t a by c — a  x i  a th i ck f leas

c h a n g e  . The da ta  po i n t a to r S t ages  4 a u~I 5 t h e r e ’ to I t ’ , where

s t ag i ng  i a general lv i mporcept i l ’I  e , a l t ’ l i k e  I ’  0 ‘ O I T t ’S ”O!lcl t o  an

i mperf ec t l y  un i  f o r m  a

Both the basal plane conductivity c a and the anisotropy a for

C16AsF5 are larger than ever previously observed in a well charac-

terized graphite intercalation compound . The h i g h  anisotropy ari ses

from both a larqe increase in c and a large decrease in a compare d

to the pristine graphite. The eleerease in a , is a general feat uric

of the accept  or i t -u to rca lat ion compounds . S’ur the r , there appears t o

be an associated correlation between 1 , the c—axis repeat d i s tan c e ,

and the c—axis conductivity. I , = 8.1 for C8ASF r. compared wi th

7.89 ~\ , 7 .tL ~ and 7.03 A for the first stage b i s u l f a t e, nitrate

and iodine monochioride compounds respectively. The trend in 
~

‘

the exact inverse.
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SECTION V

GRAPHITE FIBERS

Intercalation of graphite fibers with Asl 5 has been accomplished

using the standard techniques developed for  HOPG . Two d i f f e r e n t  types

of f ibers  were used in this  p re l iminary  work , Union Carbide type

UC308 (pitch base) and GY7OST (PAN base) . They were mounted to

ceramic substrates with gold paste ; in situ 4—point resistance measure-

ments were performed continuously as the room-temperature vapor phase

intercalation progressed.

The resistivity of these fibers was approximately 300 and 1000

~~~cm , respective ly . Exact values cannot be quoted because f iber

diameter was not known , and investigations using an electron micro-

e scope showed a variation of ‘40% in f i b e r  diameter within a piece

of graphite yarn . It is for this reason the results of intercalation ,

shown in Table 3, are given in resistance rather than resistivity .

It is evident that complete characterization of intercalated fibers

wi 11 be a tedious procedure inVOlv~ f l l  n i e a sU i e u i I O r t t  a of  H i -er  d i a m e t e r

before and a f ter in tercalat ion , and resistance measurements durin~

in te rca la t ion  on the same s ing le f i b e r .  X — r a y  an a l y s i s  of s i ng l e

fib-2rs to determine the stage of the intercalation compound is also

a slow process , typically requiring — 5 days . ”

I n t e r ca l a t i on  of the UC308 f iber  was complete in 20 seconds ,

whi le  the GY7 OST f ibe r required approximatel~- 5 hours .  This pro-

bably re f lec ts  the time necessary for  the AsF 5 to s t r ip the si:~i l -uc1

from the GY7OST fiber. The ultimate decrease in resistance , as

shown in Table 3, was a factor of 28 for the pitch fibe r and 12 .~~

for the PAN fiber. It is tempting to conclude that the more pertect

25
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graphite structure of the pitch fiber results in a larger resistance

decrease upon in te rca la t ion, but this is not yet es tabl ished.  We

are a t t empt ing  to acquire some 120 pdcm regraphitized Thornel P

pitch fiber to determine its behavior upon intercalation with AsF5.

The results of those measurements should show such a trend if it

exists.

As mentioned above, both types of fibers were observed with a

scanning electron microscope (Philips 500). This investigation

showed , in addition to the aforementioned variation in fiber dia-

meter, a large number of fiber defects and a dramatic apparent

difference in the basic structure of the two types of fibers. The

defects were typically V—shaped gouges running parallel to the fiber

axis , Y—shaped split fibers , or a “peeling ” of carbon layers from

the outer surface of the fiber. Typical defects are shown in Fig.

15. A significant difference in the stacking of carbon layers was

observed by looking at broken ends of various fibers. This is

illustrated in Fig. 16a for the GY7OST PAN fiber , and in Fig. 16b

for the UC308 pitch fiber.

26
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SECTION VI 

STABILITY 

AsF5-graphite intercalation compounds are stable sealed in 

small (<1 ml) pyrex ampoules under dry nitrogen, but decompose 

under dynamic vacuum. The stage 1 compound actually explodes 

when instantly exposed to vacuum at ambient temperatures, indi-

cating a fast intial rate of de-intercalation under these conditions. 

Understatic vacuum in a 10 ml vessel one sample (46.5 mg, 5.5 x 8mm) 

went from c9AsF5 to c11 •4AsF5 in 5 hours. An additional hour under 

dynamic vacuum produced c14 •3AsF5 and 16 hours, c26AsF5 • The weight 

lost by the sample (direct weighing) corresponded to the number of 

moles of de-intercalated material (P,V,T measurement) if that material 

was assumed to be AsF5 • This is significant as it implies that AsF5 
is not altered in the intercalation process. 

Given the indications that AsF5-graphite has a conductivity as 

hiqh as the best metals, ~he stability of these compounds when exposed 

to normal air is an important question. The environmental stability 

generally decreases with increasing AsF5 composition. The lowest stages 

decomposed rapidly when exposed to moist air, while samples of mixed 

higher stages displayed an insignificantly small weight loss even when 

e~posed to air for long periods. First and second stage sample~ 

exhibited gross exfoliation and emission of fumes of white solids 

(i.e. white smoke). The decomposition was more violent for first 

stage than for second. Third and fourth stage compounds were more 

stable, showing no obvious mechanical deformation o r emission of 

fumes. For these more dilute compounds, the typical reflectance 

27 
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cha nge was a drastic broadening of the plasma edge and only small

chai ges in the reflectance magnitude below - .15 eV.

Two pre liminary tests of environmental stability on HOPG

compounds were carried out. F!rst , a measurement ampoule containing

a sample of first stage AsF5—graphite was filled with water. The

sample was completely submerged for about 5 minutes , during which

time it expanded greatly along the c—axis , filling the ampoule ’s

cross-section . It was then removed , and its reflectance spectrum

was found to be similar to that of a third stage compound. This

surprising result was far better than what had been expected .

Next a third stage sample was exposed to normal air while its

ref lectanc~- was monitored constantly. The reflectance edge broadened ,

indicating surface decomposition to a stage a little more dilute

than fourth stage , nevertheless the reflectance for wavelengths

greater than 5’~ remained well above 96% . The deterioration in

the edge stabilized after a day ; it remained the same for 1100

hours . During this time there was no measureable weight loss and

no change in conductivity .

The sample was checked periodically ; its conductivity remained

constant while the surface tarnished and precluded further useful

optical measurements. The sample has now passed an age of 7100 hours ;

its conductivity is still unchanged at 1.7 p12 cm . It should be

noted that it was carrying no current between measurements. F~lectro—

migration effects might cause rapid deterioration of these compounds

when a constant flow of current exists.

28 
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SECTION VII 

Summary 

A compariaon of AaF5-graphite with the other group ·~ penta­

fluoride, SbF5, known to intercalate in graphite is instructive. 

AaF5 requires both milder reaction conditions (temperature) and 

shorter reaction times to reach the same stage of intercalation. 27 

The stability of the resultant AsF5 compounds under dynamic vacuum 

is lower than their SbF5 counterparts. Despite the fact that the 

intercalation process is much faster with AsF5, physical distortion 

other than the expected c-axis expansion of the graphite is not 

observed, unlike the visually apparent edge fraying in SbF5 inter­

calations. AsF5 intercalation reactions are much easier to terminate 

at a desired stage due both to more accurate c-axis thickness measure­

menta (no edge fraying) and to definite "staging": this behavior 

leads to more uniform materials. Finally, as expected, the c-axis 

repeat distances for comparable stages are smaller for the AsF5-

graphite by the approximate difference of the covalent diameter 

of Sb and As (dsb- dAs • 0.40 R: ~Ic = 0.36i). 

Graphite-AsF5 intercalation compounds of the lowest t hree stages 

exhibit a simple metallic optical reflectance. Measurement of the 

reflectance must be performed in situ to obtain accurate results. 

Comparison with the reflectance of pure graphite indicates a large 

reduction in interband transitions for the compounds. Using a 

one-carrier Orude model, curve fits to the plasma edge gave con­

ductivities in good agreement with the de values for stages 1 and 2; 

29 
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for stage 3 and 4 the absorptiçn at .56 eV must be properly taken

into account before a good fit can be obtained. Plasma frequencies

were established for stages 1-3; once Hall data is available both

effective mass and free carrier generation per intercalated molecule

can be determined. Comparison of Stage 2 data for HNO3 and AsF5

compounds indicates that the source of the high conductivity in

AsF5—graphite is a long scattering time.

Careful studies at room temperature on well characterized

samples show that AsF5-graphite is the most nearly two dimensional

graphite intercalation compound studied to date having an anisotropy

ratio a in excess of 106 for stage n < 3. In addition , the material

shows a room temperature basal plane conductivity at stage 2

= (6.3 + 0.7) x l0~~(f2cm)~~~, which is comparable with the best

naturally occurring metals.

High optical reflectance , high electrical conductivity , and

promising stability are found for stage 3 AsF5-graphite. This

material has the greatest potential yet  seen for becoming a r’ractical

synthetic metal.

30
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SECTION VIII

TABLES AND FIGURES

OBSERVED C--AXIS REPEAT DISTANCES , I~~’ THEORETICAL AND

EXPE RIMENTAL THICKN ESS EXPANSION RATIOS (~ t/t0
) FOR

ASF
5
—GRAPHITE AND THEORETICAL X-RAY PENETRATION DEPTHS.

Sta~~ I
~
,A L

~t/to/theory 
At/to/exp d(cm)

1 8.10 ± .02 1.42 1.41 ± .02 .014

2 11.40 ± .02 0.70 .71 ± .02 .018

3 1 4 . 8 1  ± .04 0.47 .47 ± .02 .022

4 18.31 ± .04 0.35 — .026

5 21.51 ± .04 0.28 — .030

a. Calculated from p -/p . ratios taken from International Tables
-~~~~ for X-ray Crystal±og~aphy , Vol IV , Editors James H. Ibers

and Walter C. Hamilton , The Kynock Press, Birmingham , England .
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TABLE 2

CONDUCTIVITY AND PLASMA FREQUENCY FOR SEVERAL

ASF r AND IINO GRAPHITE COMPOUNDS
-) 3

Compound 
~~~~~ 

(1~-cm )~~ w , eV ad ,  (~~-crn) 1

AsF5 Stage 1 4 . 9  x 1o~ 3.39 4.9 x
AsF5 stage 2 3.1 x 10~ 4.04 6.3 ~ 10~
AsF5 stage 3 -—— 3 .93  5.6 x
}1N0

3 stage 2 — — — 3.85 3.0 x

32
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Fl ~ . 15. Ty p icctl Gross Mech~nic~l Defects i n Gra!1h ite Fib rs . 
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B. PITCH 

A. PAN 

Fig. 16. Broke n Ends o f a ) PAN and b ) Pi tch Base Fib r s . 
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APPENDIX 

A 1 Introduction 

Thia Appendix report• on the results obtained in the period 

12/76-8/77 on Task 8 of the main contract F33615-75-C-5231. Task 

B was established with ARPA funds as a one-time renewal of the last 

ARPA contract with LRSM, F44620-75-C-0069, which ended in June 1976. 

The total funding of Task 8 was $57,000. 

Three projects were encompassed in Task B: materials synthesis, 

low-temperature specific heat and theoretical studies. The first 

two were relatively minor seed efforts, summarized below. About 80% 

of the effort was in the theoretical area which is discussed in 

detail in section A2 and A3. 

The emphasis in materials synthesis was to establish the funoa­

mental chemistry of the graphite-AsF5 system. The knowledge gained 

here is being applied in the followon program on fibers by Profs. 

Vogel and Forsman. A publication on this work will appear in the 

March 1978 issue of Inorganic Chemistry. 

A small portion of the total budget was allocated for supplie s 

and salary for Prof David Onn, who was on sabbatical from the 

University of Delaware. Prof. Onn established the feasibility of 

performing low-temperature specific heat measurements on HOPG-based 

intercalation compounds. This experiment provides a direct measure 

of the electronic density of states, and thus serves as a sensitive 

test of the accuracy of band structure calculations. The relatively 

minor imput of funds from Task B has given Prof. Onn an excellent 

head start as he continues these studies with support from AFOSR. 
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A.?-1 Theoretical Studies

Back ground and Approa ch

A two—level approach was adopted in our effort to gain insi ght

in the basic e lect ronic  structure of graphite intercalation compounds.

As a first step C6Li. was chosen for a detailed and rigorous study

of its electronic structure . The second step will be to use the

unders tand ing  gained in such a study to develop a more approx imate

model that  may be applied to large numbers of compounds for comparative

studies of their properties.

C6Li. was chosen for the initial studies due to its relatively

simple s t ruc tu re  and hi gh symmetry , which tend to reduce the corn—

pu ta t iona l  d i f f i c u l t i e s .  However, thi s choice has proved fo r tuna te

due to the f act that the expe rimental ists at University of Pennsylvan ia

are now rou tinely prepari ng C6LI and conducting experiments on it.

A modi f i cation of the KKR (Green ’s fu nction ) technique was used

in the calculations of the energy band structure of C6Li. Due to

the fact  that graph ite intercalation compounds in general and C6Li

in particular are highly anisotropic, the traditional muffin—tin

model for the crysta l potential was judged not to be suitable. This

proved to be correct and Figures Al and A2 clearly demonstrate the

anisotropy of the potential around C and Li sites. For this reason

the calculations were carried out in two steps. First the potential

was taken to be anisotrop ic in the atomi c spheres (this required a

modification of the traditional KKR formalism); however the potential

was still taken to be constant in the interstitial regions . The

Schrodinger equation was solved for this potential and the resulting

wave functions were used to obtain the corrections to the energy

levels due to the spatial variations of the actua l potential in the

interstitial region . These corrections proved to be very significant.

___ - - ~~~~~~
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~~~~~~
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A2-2 Energy Banda 

The results reported here were obtained with c6-L!+ potential. 

Results for the c6Li potential differ only in detail. The energy 

- + levels for the c6 Li potential have been calculated over an energy 

range of 2.5 Rydbergs along the high symmetry directions 6, r , R, s, 

and T as w~ll as at the high symmetry points r, A, M, K, L, and H 

in the Brillouin zone. They have also been calculated at several 

special points in the zone which will be necessary for our subse-

quent studies of bonding, charge transfer, etc. The final results 

are shown in Fig. A3, where the n bands are shown by dashed lines 

everywhere except in 6 direction, since for this direction the nat ure 

of the same bands may change from n to a and vice versa. The lithium 

s band interacts with the C
0 

levels at r and in r and T directions, 

while it interacts with en levels at A and in R and s directions in 

the Brillouin zone. Thus the empty lithium s band has significant 

dispersion along the r-A direction in contrast to occupied bands 

whose dispersion is essentially characteristic of two dimensional 

graphite. In addition,low-lying bonding ll band (L2- - Rl - A1+) 

interacts sigr.ificantly with Li s states, presumably forming a co-

valent type bond. 

In order to study the Fermi level bands of c6Li in greater 

detail, they were parameterized by a simple tight-binding model. 

From the detailed calculations, it was found that the wave functions 

near the Fermi level are composed primarily of weakly bonding-anti-

bonding Cn orbitals with a small admixture of Li s and p orbitals, 

and very small admixture of C
0 

orbitals. In order to minimize 
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A2-2(Cont'd) 

the number of fitting parameters, the Ccr orbitals were excluded from 

the tight-binding model. Although the Li bands, which interact with 

both err bands c
0 

bands, are highly distorted in this model, the en 

bands near the Fermi level, can be represented to a good approximation. 

With this model, the density of states of the n bands was calculated 

and the Fermi level located at -0.483 Ry. 

There are two electron Fermi Surfaces, each corresponding to 

one of the weakly antibonding levels crossed by the Fermi level, both 

extending from the upper (A) plane of the Brillouin zone to the lower. 

Both surfaces have a smaller cross section at the center of the zone 

than on the A plane. The outer surface exhibits a more pronounced 

assymmetry and comes into contact with the sides of the Brillouin 

zone at L, resulting in hole like orbits. Fig. A4 shows a perspP.ctive 

drawing of the Fermi surfaces. 

Due to the A-A stacking of the carbon sheets, the band structure 

of c6Li, excluding the Li s band, is very similar to the band structure 

of two-dimensional graphite layer calculated by Nagayoshi e t al , 

folded to the smaller zone of c6Li. 

The dif fe rent sheets of the Fermi surface are direct consequenL 

of the band folding. In fact, if one takes the 2-dimensional graphite 

bands, and adds one electron, folding the resultant Fermi surface into 

the c6Li Brillouin zone, one obtains a cross section of the Fermi 

surface very similar to that obtain~d in the more detailed calculations 

at the zone center. The position of the lithium s band suggests 

that there is a sizable transfe~ of charge between the Li and the 
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graphite layers. The Fermi level electrons have negligible lithium 

s character. However, certain states below the Fermi level have 

some lithium s character, indicating a covalent component in the 

interlayer bond. 

The energy bands and the position of the Fermi l e vel indicate 

that c6 Li has metallic reflectivity modified by weak absorption below 

about 4 eV. This is in agreement with the experimental data . The 

first significant critical point interband optical transitions occur 

+ - + -at M CM 2 ~M4 } and at L (L1 ~L3 ) corresponding to energy o f 3.75 ev. 

The lower energy weak absorption i s due to transition between the 

nearly degenerate T3~T2 and s 3~s2 states near the Fe rmi l e vel. 

The Fermi surface indicates that for a magnetic field along the 

c-axis we should observe at least t wo resonances d ue to the two 

electron orbits in the M-f-K plane . 

A2-3 Charge Density 

The calculated wavefunctions were the n used to obtain the c harge 

distribution in the unit cell. The detailed results are included here 

in form of a reprint of the paper "Charge Distribution in c6Li" to 

appear in Journal of Material Science and F.ngineering. The results 

indicate that the anisotropy of charge density far exceeds the expected 

value and the commonly accepted dipole-like charge distribution does 

not hold for c6Li. 
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“APPENDIX A- 3”

Mafrraals 5, gs -,ge ’e and Engineering. 31 i 1977 1 201 209 20 1
ii~ Elsevi er Sequoia S ~ - Lau~~ nnc Pri nted in the Net herlimeta

Charge E)istxibution in (‘,~Li

I.. A. GIR1FALt’() and N A W.
lkpart,nent of Metallurgy and .~tuteriuj s Se-ie,get ’ and I,aborate ’rv p’or kt’s,’ardi o rg (he’ Struc(urc’ of h atter , Finer
ally of Pennsvh’ania, I’hiladelphiu 19174 (1 5’. -I .)

SUMMARY a layer, the atoms are held (og(-tlu’r by strong
- covalent bonds . while the intt ’rti e’t-ioii betwt ’t ’n

11w valence electron charge’ (lensity of (‘ , Li layers is of th e’ weak van tier \~ ial s type. In
has been evaluated fro m cC knowledge of the fact ., the cohesive energy of graphite is 171
hand structure and is pre’st-nte-d along various kcaljmol . whetens the contribut ion to th e ’
directions in the crystal The results illustrate cohesive energy from th e ’ mter layer inter-
I hi- large’ anisotropy of this material. It is a c t  11)05 is conupute ’el to 1w only 1 9 k e ’al /nuo l
diff icul t  to quant i fy a degree cii ionization , from a study of the van tier ~Vaal s
I lowever. the’ following qualit ativ e picture interactions across layers I 1 1  - ( rnp hit e ’ . of
c-merge’s, The highest occupier ! states originate course , is much more compressible’ in the-
trom the zT-han ( ls of graphit e ’. l’he’se’ are c-direction than in the a -direct-ion, and u t-arty
spatially concentrated near th e gr~tphit e layers alt of the compressibility is att -ribut-ahk- (o the
with peak densities approximately I .\ from int-e’r-laye’r interaction, In fact-. da ta  on the
the centers of the layers. Occupied low—lying equation of steit i’ of graphite 2. 3) is well
bonding hands hy bridize with the metal band represented by the theory of the ’ vaui der
so that the vah’nce’ d ensity of ( ‘~J , I has an s- WanFs int-erlaye’r interaction II) -

wave-like cusp at each I ,i nucleus. l’he nature ’ of th e  chemical bond in t he’
alkali metal graphite ’ compounds has lit-en
studied by Salzano and :\roiusoli I ~ - 9) -

RESUME t he basis of the’ prope’rt it’s of t hese’
compounds and th eir own the’rnuoetynamie-

l .C L densit~’ de’ e’harge’ di’ l’e’le’ctron de valence’ me’asure’ments , they proposed an ionic model
eli- l.IC1~ a etc evaluee’ a part -ir tie ’ Ia coiin~ii s- in which the’ metal atonis ionhie h~’ transf er-
sance tie Ia structure tie’ hande . e’t est eionn.’e ring electrons to the graphite she ets , whit -h
It ’ Icing di’ directions du cr istal. I i ’  &sultat her-oem ’ negat ive’ macro-ions. It is instruct ive ’
illustre Ia grauude anusotropi e ’ tie e ’e’ mate’rie ’l. to i-onsidt ’r the evidence cited for this mode’l :
II est duff it’j lt’ d.~ donn er des va leurs quantita- I ) The compounds are highly condue ’t ing
tive ’s du degre d ionisat ion _ e-ependant cc’ sche _ in the a-direct-ion and less so in the e-dire’c-
ma donne unt’ bonne’ idee quauit ~itive, he’s hon.
e-t ~its oer-upc’s di’ plus haute ent’rgie viennent. ( 2)  ‘I’he’ t empe- ru tur e coefficient of resist iv-
di’s bandes r du graphite . I~lIe’s sou l coneen- it v is positive.
rees dim s I ‘e’spact ’ près tie’s couches di’ (3) Optical dat-a can he understood in terms

graphite aver’ tie’s maxima di’ densite situe~s il of plasma oscillations of “ free’” electrons.
envi ron I a~u. du milieu dc’s couches, Li’s handes (4)  ‘flit’ inte’rplatuar spacing of graphite
di’ liaison s’hyh rident avec Ia bande eiti metal—graphite sandwich ((lMG~ is the’ sum of
me ta l . ainsi Ia densité de’ valence’ de 13C6 the ionic diameter of the~mi’ta l and the van
présente tine etiscontinuite de i’onde’ s nu tier Waal’s thickness of a carbon layer 1101 -

nivesu de ehaque’ atome di’ li thium , (5) The thickness of a (~MG sandwich is
th~ same for different stage compounds of a
given metal.

1. INTRODUCTION (6) The heat of formation of a given metal
with graphite decreases with increasing stage,

The most important feature of the binding so that the more’ dilute compounds are’ more’
in graphite is its extreme anisotropy. Within stable.

r~9
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- ‘(7)  th inalysis of tht ionir. mod& l using from the m& tal laytr to tht graphite. layer
image force- theory to compute the interac- I’his need not be the ca&’.

- - hon between metal ions and graphite she&-ts ‘l’he theoretical analysis ment ioned in item
yields re-stilts that are’ consistent with the’ 7 is suggestive , but does not demonstrate
thermod ynamic data une’quivocally that the ionic model is e-orrect ,

(8) N M R  nie ’asurem e’uits 1111 show that the sinc e it contains serious approximations.
Knight shift for Cs’33 in ct’Sium graphite is Item 8 c-an certainly be interpreted as e’vi-
much closer to that for ce’siuni salts than for dent-c for ionization , I loweve’r , the ’ Knight

~~ cesium metal Thu s has been interpre-ted to shift  data only state ’s that  th e  densit y of
uile ’ce n that the e-e ’sltlfll is comple’te ’ly ionized in Fermi level s-e’k-ctreins is ne -g l igi hl e ’ at t il t ’ c c -

Ic e taint -liar e’ompounel - SiUfli uiu cie -i.
Fhus list requires sonic comment In the The question of ioniia t ion is c e ’r t a i i i lv

t i r s t  p lace ’, the ’ first three itt-i n s , along with unsettled . What is ne-e’de’d is i i c fo r ma t i o cc  eu
the- ot lie ’r ele’ct roni e’ properties discussed the distribution of e-Ie ’ctron densi ty i i i  t lie
pr e ’v iouslv - iii d ie ate- that the c ompounds arc crystal. This paper pr e ’se ’ui t s t h e  re - suits of a
anlse )t r e )p ic metals . In themse’Ives , the theoretical stu d y of the ’ e ’lt -ctro ui de ’ui sit y lU
e’le-ctroni c properties rio not demonstrate the (‘~I~i , and the implic ations of these results for
inc ic nature ’ of the’ coii ,pt )uuids. Also, they do che ’niic al binding and ionizat ion
not preclude their being ionic , since’ the
met ctllie .- propert ic ’s may arise’ from rne)biit ’
c ’Ic ’ctron s in ionized graphite layers. Itt -rn 4 is 2. ME’ft lOt) Ot- CAIA ’UL A FION
not e-onipe ’lling c’videne -c for t h e  ion ic model ,
since’ the outer electron wave fun ct ions  in l’he’ c-lectron i - band structure ’ o f  C 1~Li was
graphite’ can be distorted by the’ present-c of calc ulated by accurate’ nuine ’rica l s~ c lut  ion of
tile’ metal. The assumptions that an invariant the Schroi-dinge’r equation for an t’le’e’tron
van c l e r  ~Vaal’ s radius ex ists for t h e’ graph it e- in an assumed crystal pot ential , as described
is then in doubt. Ite ’m 5 implies that the inter - e ’lsewhore 12 J - The- (‘rysta l potential used in
ac tions amon g ((‘.MG) layers are’ not sufficient th e’ h r c ~st ’nt work was generat ed from
to -.e’riotislr uff ee t the spacings in a (GMO ) h erm an Skilln ian 113 1 c-barge- dc-n sit i e ’s for
lave-r This woul d probably be true whether I sp~ pT and Li ’ lo is Qual it at iv r ’Iv
the (GM G) lave ’r we’re’ ionic or not. In fact , if similar results we’re ’ obtained wi t  hi a crystal
h it ’  i On ic  moeie’l is assumed to be c orrect , it Potential gi-ne ’r at c -ri from c harg e cle t i s i t  Ic ’s of
is pe-culiar that the (GMG) layt-r thickness the neutral atoms : we’ are the-reforc ’ assure-d
is t h e  same in the first stage’ as in higher that  lack of self- -onsistency is not a se’rious
stage compounds of a given me-tal In the limitation of the present results 11 21  -

st’e ’ond (or higher) stage compound , each From the elee ’fronj t - band st ru e’ture , the ’
me’tal atom that ionizes transfers one-half charge density of C6Li was calculated by
electron to each adjacent graphite sheet . summing the squared magnitudes of thi t ’ nor-
Iloweve ’r , in a first stage- compound , each malizeej wave functions of the oc-cupied states
graphite shee t acquires an e’ntire eie’ctron in the following approximate manner.  For
fro m each ionized metal ion. Furthermore , in e’ach occupied band , a special point integra-
the ’ first stage ’ C5M compounds , a metal layer tion proced ure j 1 4 1  - using the single’ special
has 50’ ’ more atoms ~‘c~ cm 2 than in the see- point k0 2/ 3 I’M + 1/2 I ’A 1 1 5 1 ,  was use’ei to
ond (and higher ) stage’ compounds. ‘l’he estimate the integral over the ’ Rr illou in zone’ .

transferred charge density is thus three, times The electron density contributed by each par -
higher in the first stage’ compounds and one tia lly occupied band was estimated from the
would expect that the (( MG ) layer thickness density corresponding to the average ove’r the
would be smaller than in the higher stage entire band , weighted by the fr ac -t iona l
compounds . It em 6 is important evidence for occupation number of the band The fraction-
ionization, since it is difficult to see how long al occupation numbers were ’ estimated from
range influences can be’ exerte’d along the C- the ’ inte grated density of states comput ed for
direction in these compounds without invok- the LCAO interpolation model of the Fermi
ing electrostatic forces. However , ionization level bands 112 1 - The choice’ of the sing le’
implies a complete transfer of an electron special integration point , k0, enables an exact
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Fig, 2, Valence electron density of C6Li as described
in Fig. 1. Plot is alo ng line pa ra Uet to that of Fig . 1 ,

- ~
— in a plane %of the d istance from a Li plane to a C- 

plane,

0 ’ I0
_ _

e at ace a oec 2 7 1 2  3 390 ‘ oea
OIS LA A C E

Fig. 1, Valence electro n dansity of C6Li obtained - - -

from band structure calculation (full line ) compared - --  - - 
- 

-

with valence density of superpose d atoms (dashed u - - -

- - line). Plot is along L i — U  neares t neighbor distance 
-in a Li plane , ~

treatment of terms in the Fourier expansion
of the integrand [16) correspond ing to all
lattice translations of magnitude less than or
equal to the third largest lattice translation.
The lattice parameters for C6Li have been ~~ ~

_ 
- -- -determined by Guérard and h-lérold [17).  0 0 6 7 9  ‘ 39 6  0 0 3 :  1 112 1 190 ‘ o tt

The electron density was computed in five
equidistant planes parallel to the graphite Fig 3, Valence electro n density of C6 L i as described

- - in Fig 1. Plot is along line par allel to that of Fig. I inlayers: the lithium plane (plane 1), the gra- a plane ‘i’a of the distance from a Li plane to a t’phite plane (plane 5) and three planes bet- plane.
ween the graphite and lithium (planes 2, 3
and 4). Computations were also done at a
number of points not in the planes , such as of five equid istant planes parallel to the gra-
the line joining a carbon atom to its nearest phite layers . Thus , Fig. 1 shows the density
neighbor lithium atom, along the line joining nearest neighbor Li

For purposes of comparison , the electron atoms in the lithium plane , while the other
density fro m free neutral atom wave func- Figures (2 - 5) refer to lines directly above the
tions , C(2s2p 2 p~) an d Li(2s), (computed from Li-Li bond line. The origin of distance is on
a Herman—Ski llman [13) prog ram) was super- a lithium atom (on plane 1) or directly abov e
posed to give the electro n density that would it (planes 2 - 5). The last point on each curve
result in C6Li if the atomic wave functi ons (distance = 4.068 au) is midway between
were superposed without distortion , two nearest-ne ighbor lithium at oms ( plane 1).

Note that plane 5 is the graphite plane , and
that the distance between each adjacent pair

3. ELECTRON DENSITY RESULTS of the five planes is 0.8756 A.
The following results emerge from Figs,

Figures 1 - 5 show the electro n density 1 - 5:
along lines formed by the intersection of a (1) In the lithium plane , the electron densi-
plane par allel to the c’direct ion and going ty is relatively constant along the lithium-
through the line jo ining two nearest neighbor lithium nearest neighbor line ,except ,of course ,
lithium atoms in the lithium plane , with each near the lithium nuclei.
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l-’ig . 6 Valence electron d e-ais i l y  u i  C~Li as desc r ibe’d
in Fig i - Plot is alu tag Li Li next ii eoer e,-l reel ghhor
distanc e in a Li p ha eae .

0 -~~ ‘ ‘ 
- -

~ . - :  
-

Fag. -I - \ .e l c-uoc ,-  electro n d ensity of (‘ELi as described 
- - 

- 

- 

- . , 
-

Ill Fig. I - Plot is along lint ’ parallel to that of Fig I , - ‘ ‘ - -
in a plane’ of the distance from a Li plane to a (. - - -

plane’ - 
- - . -

0 - . 
- — 

- I S O

Fig 7. Valence electron de ’ nsa ty of (~~Li as described
in Fig. 1. Plot is along line paral k’l to that Fig 6 an
a plane of the d istanc e’ from a Li pla ice t ,~ a C
plane

- (2) As we move up in successive planes
-
~ 0 

-i - towards the graphite layer , the electron densi-
-, ty become’s more non-homogeneous , until

-

~ / . a cusp forms at the c-arbon nucleus in plane
- - 7 \ - 

- 

~
- 5, The effect of this carbon nucleus is clearly

7 - - - , seen in the maxima in planes (2 - 4).
(3) Relative to the superposition of atomic

- a - densities, there is a shift of electronic charge
towards the graphite layer. Near the lithium
plane, the electron deficit (relative to atomic

- - superposition) is spread out, but near the
carbon plane, the ele -tron surplus is piled
up near a carbon atom.

- ~~~~~ --- - Figures 6- 10 areaseries of electron densi-
2 - ‘~~~t - a c ,  2 ‘. 1 l A O  -

— ~~ F c ty pIot~ in five equidistant l)ar all el planes
defined just as for Figs. 1 - 5. The line along

1-ig. ~c Val ence electron density of C6L as described - . - . .

in Fig I - Plot is along line parall el to th a t of Fig. i in which the electron den sity is plotted in Fig.
a C plane. The plot between 2.7 12 and 4.068 A is 6 joins second nearest neighbor lithium
along a C--C bond. atoms , and the lines to which Figs. 7 - 10
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Fig. S. Valence electron density of (‘6Lt as described 
~~~~ 

eat so:

in Fig. 1. Plot is along line- parallel to that of Fig. 6 Fig. 11 .  Valence electron density of C~1Li as described
in -i pla ne ‘ a o f th e distance ’ from a Li plane to a C in Fig. 1. Plot is along a line parallel to the c-axis
plane ’ - starting at a point in a Li plane , not at a Li nucleus ,

and ending at c point in a C plane at the center of the ’
(‘ hexagon.

- 
- - - - ‘ 

-- 

~2) In and nea r the lithium plane , there is a
- . 

- . 

- . deficit of electrons relative to the superposi-
- - - 

- tion of atomic densities, while near t he
- . 

- graphite plane there is an electron surplus.
- -

, 
- This surplus is concentrated around a point

- . midway between two carbon atoms in the
.:- .  - 

.~~~ - graphite layer , i,e, , in the middle of the car-
- 2 .1’, bon--carbon bond.

Fig. 9. Valence electro n density of C6L1 as described An idea of the non-homogeneity of the
in Fig. 1. Plot is along line parallel to that of Fig. 6 electron density in regions away from the
in a plane 3/ 4 of the distance from a Li plane to a atomic nuclei can he gained from Fig. 11.
C plane .

This Figure shows the electron density along
a line in the direction of the c-axis , going

I - 
- 

through the center of a carbon hexagonal
1. 2 •-  - - ring, but not through a lithium atom. The

- origin of Fig. 11 starts in the lithium plane ,
- 

-
~: - 

and the last point is at the center of a car bon
- 

- 
- - 

hexagon. The density varies by an orckr of
- magnitude along this line, but is in the rang e’

I 
- . — of the density of the interstitial regions in

- meta ls. All along the line , the density calcu lat-
- I ~ ed from the band structure results is less

.1 - ‘ . 

- 
“:1 . l 9~ than that obta ined from the superposition of

atomic densities.
!~- 10. Valence electro n density of C6Li as described Figure 12 shows the electron density alongin Fig . 1. Plot is along line parallel to tha t of Fig. 6 - .
in a C plane , a Ime J oming two carbon atoms directl y

above each other in adjacent planes , starting
refer are those in successive planes above the at the lithium plane. This clearly shows that
Li—Li second neighbor line. From this set of the band structure densities are lower near the
Figures , we get the following results: lithium plane and higher near the graphite

(1) The electron density is lower and not plane , relative to the atomic super position
as homoge neous along the 2nd neighbor Li— results .
Li line than along the first neighbor Li-Li F igure 13 shows the electron density along
line ( Fig. 1) in the lithium plane , altho ugh a line joining a lithium ato m to its nearest
the magnitud e of electron density is not very carbon neighbor. This display s the pile-up
different in the two directions , of electron density near the carbon atom at
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- 

~~ -

I

_________ — 
_~ 

. 
c ’ A N  I

0 Se ’ s  I ’ t I  2 6 5 6
0 1 0 1 4 9 C C  C Fi g. 13. Valence electron density of (‘6 Li as described

Fig , 12. Valence electron density of C6Li as described in Fig. 1. Plot is along Li to C’ dire ction.
in Fig. 1. Plot is along a line parallel to the c-axis
starting at a point in a Li plane , not at a Li nucleus,
and ending at a C nucleus.

the expense of the region around the lithium
atom (relative to the superposed densities ).

The density along a line parallel to the c-
axis and joining two lithium atoms in adja-
cent lithium layers is shown in Fig. 14. The
origin is at a lithium atom , and the last point -is in the carbon plane (at the center of a
carbon hexagon ).

To get an overall picture of the variation of - , , -
the electron density in the c-directio n, the - 

‘ - ,

average density in each plane perpendicular to ‘ I - 
- — — -

the c-axis was computed. The results are ‘ -
shown in Fig . 15. As expected , most of the “~ 

I L

electrons are near the carbon plane , and
there ii a general shift of electrons towards - -

the graphite plane , relative to the superpo sed -
atomic electron densities.

In the compound , it is of course not poss-
ible rigorously to separate out that part of the

-
~ electron density which originates from the ~, 

‘e 

~~~ 
a e a t  9 30,

lithium atom. However , the band structure
FIg, 14. Valene.’e electron density of C6U as describedcalculations [121 show that the filled bands m FIg. 1. Plot is along a line parallel to the c axis

In C0Li have a structure remarkabl y close to at~ tlng at a Li nucleu s and ending at a point in a C
that in pure graphite. It therefo re seems plane at the center of a C hexagon.
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L

0 175 I 7 5 ~ 2~~59
0 I 0 ? A N C C . o  C

Fig. 15. Valence electr o n density of C6Li as described ~~~~~ 1 0 0  2 S o  2 5 0 3  I t 9 ~ I

in Fig. 1 , averaged in each plane and plotted i.e. ‘ - 0 0  C

distan ce from a Li plane to a C plane. Fig , 17, Electro n density contri buted by pa rtially
- ,  filled graphite fl’bands (full line) compar ed with-c superposed Li 2s atomic densities (dashed line),

plotted vs. distance along a Li to C line .

— 
“ - - - the electron density of the mobi le electrons

- - 

\ - - without the masking effect of the large
\ number of electrons in the filled bands. We

therefore computed the electron density in
the partially filled bands. This quantity was

- averaged over each of five planes perpendicu -
lar to the c-axis and is plotted in Fig. 16, along

I with the lithium electro n density obtained —

from the superp osition of the lithium atom in
- the C6Li structure. The average conduction

electron density differs markedly from the
superposed electron density. The area averag-
ed electron density from superp osition of
lithium orbitals is nearly constant (within
a factor of two ) in the c-direction , while

-~~~~  
the area averaged effective lithium electron

- 
~~ ‘ 

• 
0 6 2 0  density has a pronounced maximum about 

three quarters of the way from the lithium toFig . 16. Electro n density contributed by partiallyI I  
filled graphite ~‘bands (full line) compared with the graphite plane . There is a total of one-
superposed Li 2s atomic densities (dashed line), each half electron from each lithium ato m between
aver aged in a plane and plotted i.e. distance from a adjacent lithium and graphite planes .
Li plane to a C plane . Figure 17 shows the conduction electron

density and the superposed lithium electron
reasonable to identify the density of electrons density along a line joining the lithium atom

“I in the part ially filled n-bands as having to its nearest neighbor carbon atom. This
originated from the lithium atoms. While this shows the extensive transfer of electrons from
is not strictly correct , it allows us to examine lithium to carbon.
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4. CONCLUSIONS 

A much debated que~Uon hu been the 
extent to which the intercalant ia ionized 
in intercalated paphite compounds. There ia 
no doubt that in c.u, there ia one electron 
per lithium atom in partially fiUed bands. 
and Li ia therefore completely ionized in that 
sense. For chemical bindina, however. it ia the 
real space ionization that ia important. and 
with which we are concerned. Our reaulta 
show that the electron denlity in c.Li il 
very non-homot~eneoua and anilotropic, u 
would be expected from the crystal structure. 
A useful definition of ionization or charge 
transfer ia therefore difficult to find. AI 
emphasized several times ( 18) • definitions of 
charge transfer depend on definitions of 
atomic volumes and are not unique. In highly 
symmetric structures. it is useful to define 
atomic cells u aU havinl the same volume. 
This gives a definition of ionization (e.,., in 
intermetallica) that permits straightforward 
separation of the energy into Madetung and 
atomic ceU terms. For C.U. the ltructure 
cannot be analyzed into high symmetry. 
apace-filling atomic cells, 10 the concept of 
ionization is not very useful. 

An idea of the hewqeneity of the charge 
distribution can be obtained directly from the 
Figures. However. the amount of charge near 
the lithium and graphite layen ia of interest. 
In a two-dimensional model which ilnores 
structure within the papbite and lithium 
layen, it is natural to define plants puallel 
to the layen. midway between a paphite 
and an ldjacent lithium ~aye'. The "lithium 
felion •• can then be defined u the ftllion 
included between the two IUCb planet on each 
aide of a lithium ~aye'. By intepatinl the 
curve. of .... 16, we lind that the band 
structure densities pye 0.3 of a conduction 
eledron in the lithium Nlion. while the 
superpoeed d...W.. lift O.M of a conduc· 
tion electron in the lithium JWiion per li· 
thium atom. This jUit I&Mel that the conduc· 
tion eleeUonl ~ ipl&idy concentla&ed near 
the lfaPht&e layer. Howenr, the intepation 
procedure is doubtful in thtl e- beea..e of 
the ....U numw of potnta, ., this number 
ia quite .ancertain . ..._...,n of the to,.l 
eledlon dlnllty (f'll. 11), howe .. ,lhowa 
thl& I....,_,_ lltbha l&om 11e in the 
...._ ....-.. 8CCGidllc to u.e bmd ~tn~c-
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ture densities. and 3.2 electrons per lithium 
atom according to the superposed densities. 
Thus. although there is a shift of charge 
towards the paphite (relative to superposed 
densities). the lithium region is negatively 
charged. 

Our results clearly show that image force 
type models are inadequate for studying c· 
direction binding. However. there is a large 
non-homogeneity of charge along a carbon­
lithium line. This suggests that a model of quad­
rupoles. in which there is a positive charge 
on a lithium atom, and a negative charge 
somewhere on the lines joining the lithium to 
its neighboring carbon atoms, may be useful. 

It ia interesting to note that there is consi· 
derable pile up of electronic charge near the 
carbon atoms. The resulting repulsion among 
the carbon atoms could be the origin of the 
stretching of the carbon-carbon bond in the 
graphite layers upon intercalation with alkali 
metals [ 19) . Also, there is a significant con· 
centration of electrons from the anti-bonding 
1r-band near the carbon atoms which contri· 
i>utes to repulsion between them. 

The electron density in the interstitial 
region of the lithium plane is comparable with 
that in lithium metal. Thus, the bin~ing in 
the lithium layer is comparable with that in 
pure metal. 

More detailed analysis would require intt>· 
pations of the energy density functional 
over complex regions using a finer grid of 
points. But our general conclusions can be 
summarized as follows: 

(1) The charge distribution is so anisotropic 
that defining a degree of ionization is not 
uteful. 

(2) The conduction electrons are 
concentrated closer to the graphite plane than 
to the lithium plane. 

(3) A high concentration of electrons (in· 
eluding n-antibonding electrons) exists near 
carbon atoms. which may be responsible for 
expansion of the graphite layer. 

(4) Stro01 bindina exists in the C-Li bond 
between adjacent layers. 

(6) There is allo appreciable bindina in the 
c-din!ction from felions other than thoee 
along a C- Li bond. For example, the electron 
density along a line joining two carbon atoms 
in layers on eeeh side of a lithium plane ia 
eoftlidenbly htper than it would be in the 
at.nee of tbe lithium • 



•~~~~~ , - ~~~~~~~~~~~~~~~ ~~~~~~~~ ,~~~~~~~~~~~~~~~~~~~~~~~~~~ ,

209

6) Elt’ctro - densities in the lithium layer 7 F. J . Sali.ano and S. Aronson, J . (let -rn. }‘hys -
are’ similar to th ose in l i th ium metal , but (1966) 155 1.

8 F. J . Saizano and S. Aron so n, J . ( ‘ hem. l’Iei~ - 47somewhat smaller. 
U967 ) 2978. 

-

9 S. Aro nso n , F. J. Sa izano and 1) . Be ’ l lafie c re. , J.
ChenL Phys ., 49 (1968) - i 34 .

\.KN I: )WL EDGEMK NTS 10 R Setton, Proc. 7th Ci.,nf. Carbon , ‘l ,-ve ’l~ui i  -
1965.
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