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the Nuclear uagnetlc ReEonance (NNR)
cheml.cal shlft for thc carbon atong of a
graphene ¡¡Iane (as ln graphlts, graphlte
f l be rs ,  cha rcoa l ,  e t c . )  l s  a  un lquc
lndlcator  of  the or lentat lon of  the normal
to that plane wlth respcet to the magnetlc
f le ld d l rect lon.  l lere,  w€ ugc th ls  fact  to
show that  ln  a graphl te f lber ,  85t  of  the
plane nor¡rala are perpendlcular to the
f lber  ax1s,  whl le  thq re i t  are near ly
rindom. t{e re¡tort l3c uun spectra fór
hlghly orlented pyrolytlc Araphlte
( f1g .  r ) ,  a  cha rcoa l  ( f 19 .  2 )  and  a  h lgh l y
graphl t lzed carbon f lber  ( f19.  3) .

The HOPG speclmen (Unlon Carblde) 1s a
equare ca 8 ¡nm on a s1de, of thlckness ca
0.8 mm ln the c-d l rect1on.  The chareoal .  fs
f rom a set  of  charcoalg under test  at  NRL
ln a l r  pur l f lcat lon appl lcat lons,  Iabelec l
HAA7 .  The  g raph l t e  f l be rs  g re  TP  41048 ,
p l t ch  based - (Un lon  Carb lde ) I ;  t hey  we re
lntercalated to a deep purple color  wl th
AsF5,  lnd lcat lve of  s tage I .  Spectra were
recorded on a Bruker CXP Epectrometer at 50
MHz (HOPG) and on a JEoL FX6Q at  15 MHz.

The slte Eynnctry of a carbon aton ln
a graphenc plane lncludes a 3 fol.d axlg
normal to thc planc. Thus chcre arc at
most two prlnclpal values for the chemlcal
ghi f t  tensorr  6¡r  the shl f t  observed for
the magnet lc  f lé ld para l le l  to  the c-ax lE,
and 6r, the shlft obgervcd whcn the
magnetlc f leld Iles anywhere l.n thc
graphl tc  p lane.  ?or  other  anglca,

6 ( 0 )  =  [  e ¡ + c .  +  ( r ¡ - t . ) c o " 2 9 l / 2  ( r )

whcre 0 13 th€ angle b€t¡teen the c-axls and
the magnetlc f leld. For HoPG we are able
to choose t and record a cpectrunt such are
glven ln f lg .  l .  For  BO ln the p lane,  the
spectrun 1r  re lat lve ly  charp,  whl le  for  Bg
paral le l  c  the spectrum ls  50 ppn r lde.
l{e have no explanatlon for thlg rexceaE"
rrldth yet. The medlan chernlcal ghlft as a
funct lon of  the angle o 1s

6 ( t )  =  (9 I  -  89  co82 t )  pp ¡n

so that 6r = 180 PPm and 6l . 2 PPn.

i , ' ' iÉ--iá experlnental exampre of the
spectrum for  a randomly or lented coLlect ion

go'

! ?o '

150"

A00 100 0
6  (PPn )

f lg . l .  l3c NüR Epectra of  HoPG at  50 MHz
as a funct lon of  the angle between the
c-axlg and the appl led magnct lc  f le ld.

of  graphene p lanes we show a spectrum of  a
cha rcoa l  ( f f g .  2 ) .  Th l s  l s  a  seve re l y
broadened axla l ly  synmetr ic  powder pat tern.
Such a pat tern should be marked by a step
d i scon t i nu l t y  on  the  r19h t  s i de  (a t  6 ¡ )
and  by  an  tn f l n l t y  on  the  l e f t  ( a t  6 r ) .  The
lnf in l ty  is  broadened but  apparent .  The
step appears complete ly  washed out ,  perhaps
due to the same broadenlng mechanlsm as ' for
the HOPG. | ,9  wl l l  become more apparent ,
use of  the I3c ehl f t  tensor  tn f lber
or lentat lon studles real ly  requl res the
spectrum 1n the v lc ln l ty  of  6¡  to  -pe sharp,
a n d  f l g s .  I  a n d  2  ( a s  w e l l  a s - a  r r c
spectrum for  nat lve graphi te f lbers)
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suggest that thls reEoLutlon 1s not
.aval lable.  For  reference,  the probabl l l ty
densl ty  funct lon (gpectrum) for  the ar la l
powder pattern ls

P ¡ ( e  )  =  [ ( 6 1 - 6 ¡ ) ( c  - s a ] l - ] / 2  ( 3 )

But we have founcl that l3c spectra for
lntercalated graphlte are ln many cas€s
sharper than those shown for graphlte ln
f19 .  1 .  I n  pa r t l cu la r ,  t he - l n te rea la t l on
of  AeF5 g lves g^ut te sharp I3C spcctra2.
Even the AsF5 r:¡r speetra thereof are
or lentat lon dependent ,  and can be ugcd for
f lnd lng or lcntat ton d let r lbut lons of
graphene p lanes ln  f lberg3.  Thc AsF5 a lso
serves to reduce the relaxatlon tl¡né T1 for
the carbon at  a lL or lentat lons,  naklng-
s lgnal  averaglng for  lncreased S/N prof l t -
able. The chemlcal shlft depends on
lntercalant  and stage as wel l  ae on the
ang le .

In f19.  3 lE a spectrum f ,or  a
eol lect lon of  f lbers 1n a l0  nm pyrcx !ubc,
rather  carefu l ly  packed to achleve mutual
parallellsn of the flberE among themoclveg
as wel l  as wl th the tube cy l lnder  ax lg¡
thesc f lbars arc ln tercalateat  l f l th  AEFs,
the magnetlc f leld ls perpendlcular to-the
cyllnAcr axes of the pyrcx tube. Thc
spcctrun ls  u-shaped wl th i ln f ln t t1e8¡  at
both 6¡  and 6¡ .  the h lgh ln tcnsl ty  at  t ¡
tells us that- a larger fractlon of grapffene
e-axeE are paral le l  to  the nagnet lc  f le ld
than for  a random assenrbly  of  p lanes (c f
f l g .  2 ) .

The f l rs t  model  we take for  the
graphl te f lber  is  the desl red one ln whlch
a} l  graphlne p lanes conta ln the f iber  ax ls ,
1.e.  a l . I  graphl te c-axes are perpendlcular
to  t he  cy l l nde r  ax l s .  Fo r  Bg rc  t h i s  wou ld
glve the lrro-d.lmenslona1 powder anlstropy
pat tern,  the eguatLon of  whlch 1s

P 2 p ( 6 ) = 2 [  ( e ¡ - 6 ¡ )  2 - 1 Z e - e ¡ - c .  ) 2 1 ' I  t '  ( q l

Thls functlon 1g u-shapcd and synmetrlc
abg ru t  6av  =  (6 ¡  +  e . ) . / 2 ,  and  haE
lnf ln l t lca at  6,  and 6¡ .  Thc exper lnenta l
spectrum of  f lg .  3 ls  hot  symrnetr lc  and has
mo{e-  ln tensl ty  on the le f t  (at  6. )  than the
model  predlcts .

He ln¿crpret the data on the baelg of
a second modcl whlch conglsts of a fractlon
F¡ of  ax la l  spectrun,  eq.  (3) ,  ( random
or lcntat lon of  c-axes)  and a f ract lon F2p
(=  l -Fe )  o f  2D-an lEo t ¡opy  pa t te rn ,  eS .  f í ) .
We extract  thege f ract lons by us lng the
facts that  P2p 1s synmetr lc  and pr  1s not .
f i ¡e  use the steep s ldes of  f lg .  3 to f lnd
the center  of  the spectrum 6¿yr  and Eo
dlvldc the spectrum lnto a l.éit and a r19ht
s lde.  By ln tegrat lon (welghlng)  the twogldes we flnd the dlfferenee D and, Eun S of
the two sldes of the obgerved spectrum.
Eq.  (3)  ana ( { )  a l tow us to do Lhe game for
the theoretlcal model. The randon fractlon
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brs.z l3c ¡¡un Epectrum of a eh¿
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Rlg.3 I3e uun l rpecrrum of  Tpl IO4B
graphltlzed carbon flbers whlch have been
lnterealated wl th Asp5.  The appl led
f le ld 1g normal  to thé f lber  a iés.

wh l ch  l o r  P  
-6 t  y te lds  FA  =  I5 t .  ne

conclude that 85t of the--graphene planes of
thls flber are orlented só aá to pioduce
flbers of maxl¡num modulus.
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