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Extraterrestrial Helium Trapped in Fullerenes in 
the Sudbury impact Structure 

Luann Becker," Robert J. Poreda, Jeffrey b. Bada 

Fullerenes (C,, and C,,) in the Sudbury impact structure contain trapped helium with a 
3He/4He ratio of 5.5 x 1 OP4 to 5.9 x 1 OP4. The 3He/%e ratio exceeds the accepted solar 
wind value by 20 to 30 percent and is higher by an order of magnitude than the maximum 
reported mantle value. Terrestrial nuclear reactions or cosmic-ray bombardment are not 
sufficient to generate such a high ratio. The 3He/'We ratios in the Sudbury fullerenes are 
similar to those found in meteorites and in some interplanetary dust particles. The im- 
plication is that the helium within the C,, molecules at Sudbury is of extraterrestrial origin. 

bullerenes (C,? and C;,) har-e recently 
been identified in a shoclc-prodi~ced 'reccia 
(Onapinc Formation) associated \vith the  
1.85-l~illio11-year-(11d Sudb~~i -y  iillpact struc- 
ture ( 1 ) .  T h e  presence ni  1 to 1L7 parts per 
nlillion (ppill) ( 1 )  of fi~llerenes in these 
samples fl-om tlie O~lapi l lg  Formation ralses 
~iuestions about the orwin ot  f~~llerenea and 
abc)i~t tlle potential i'or ~1eliver1- of intact 
oreanlc material to  Earth 1.1- a large bolide 
(tor example, an  asteroid or comet).  Be- 
cause the S u i l h ~ l r ~  tarcet rocks are poor in 
carlyon (C), \vr have si~ggested that the 
fullerene C \\.as extraterrestrial in  origin 
( 1 ). There are tn.o possible scenarios for the 
presence o t  filllerenes in the SuL1hur\- im- 
pact i leposts  ( i )  that fullerene.; are synthe- 
s i x d  n-ithin the  impact l>lume from the C 
contained in the  bolide ( I ) ,  or (i i)  that 
fullerenes were already present in the  l~nllcle 
a n J  sur \~~vei l  the impact el-ent. W e  ex~lm- 
i11e here these posslble sources of the Suil- 
bury tilllere~leq by searching for noble gases 
trapped inside the i i~l lere~le  molecule. 

The  correlation nt C and trapped noble 
gas atoms in meteorites is n.ell establishecl 
(2 ) .  Primitive meteorites i n ~ l t a i n  several 
trapped noble gai cnlllponents that ha1.e 
anomaln~~s  isotopic coml:ositioni. For exam- 
ple, Blaclc and Pepin (3) found anomaloi~s 
I\'? values in several primiti\-e i~nmeta~uor -  
p l ~ o s e ~ i  meteorites, and Anders a n ~ l  co-11-ork- 
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ers ( 4 )  reported Kr a113 S r  r.alues in the 
hlurchison and Allende meteorltea that are 
i~ldlcative df a presolar ongin. Several C- 
bearing phases have 1:een r e c ~ ~ g n i ~ e d  CIS car- 
riers of trapped noble gaaes, incluLling S i c ,  
graphite, anil iliamo~lii (5). Fullerenes ha\.e 
heel1 suggesteil as a carrier of nol~le  gaq cnm- 
L~onrnts in carbonacenus chondrites (6); 
ho\~-e\-er, so tar. the identiticatlon of 
f~~llerene.; (C(,: and C7') i d ~ m i t e ~ l  to ;I slngle 
occurrence in the Allende meteorite (7) .  

The  C, ,  luolec~lle is lxge e~loilgh t c  en- 
closr the nnhle ?as?? I-Ie, I\'?, Xr, Kr, anii S e  
but is too small to contain diatnillic yases 
s~1c11 as S, or triatonlic eases such as C O - .  
Reci.nt ezpcrimental ~\ .nrk h,1s L1emonstrate~l 
that ( i )  He  is incorliorateLl into C,: ~Iilring 
f~illerene forillatioil in a He  atmosphere and 
(ii) nohle gases c ~ f  a speclfic isotopic compo- 
sltion can he iintroiluceci ~ n t o  synthetic 
fullerenes at h ~ h  temperati~res and pres- 
sures: these gases can then 1.e re le ;~\e~l  by the 
hreabing ot  one or Inore C-C l~onds iluring 
step-heating ilnder \-acui~m (8 ) .  T h e  ilni~lile 
therillal release patterns for He  enc,lpsulated 
n-ithln the C,, nloleculr (HeQC(,;,) are slm- 
ilar to the patterni fL>r ,rclcd-resi>t,~nt resiLdues 
of carl:c?~l,iceous c h ~ n ~ l r i t e s  (9), >ugpesting 
that tullerenes coulil l ~ e  a carrier of trappeJ 
noble vases in meteorites. 

T o  iletermine the nolile :as a l~~ul~dance.  
and isntotlic ratios for the fullerenes, we 
unilertook a systematic stilcdy of aciil-resis- 
tant re;lLlues generated from samples col- 
IecteJ at the Do\vling ,ind Capreol ton-11- 
ships \vithin the C-rich layer (Black hlem- 
her) o t  the Onaping Formatlnn (1 0). If the 
fullerenes were t'orlneii 111 the impact plume, . . 
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~ m p a c t ,  then the ~sotoyic r a m s  of the 
trapped gases \voul~l have an eztraterrestrlal 
s~gnature ( 3 ,  4 ,  1 1 ). 

W e  demineral1:ed samples ~lslng HF- 
BO,, and the c , i r l~onaceo~~s r e s i d ~ ~ e  \\.as re- 
flused \vith tnli~elle to estract l i~llere~les ( 1  . 
12. 13).  ,411 ultraviolet-r.i;lble ahsorption 
spectrum i3f the to l i~ene tractions re\-ealeil a 
peal< at 332 n m  ~ndlcative of C,? (1 4). T h e  
toluene fractions n-ere then analy:eLl hy- la- 
ser ~lesorptlon (llnear and re t l ec t ro~~)  time- 
ofiflight Illass spectrometry (1 .  If ). A11 of 
the toluene fractloni shon-e:l a strong pealc 
at ma;s-to-charge ratlo (in/:) of 712 atc?lllic 
mash ~ m l t s  (amu), n.hic11 correponds to 
CeCP, and a a t  842 ; I ~ ~ L I ,  ~ i ~ h i c h  corre- 
sponds to C;,+ (Fig. 1 A ) .  In aLiilition, the 
illass spectrum o t  the Capreol toluene trac- 
t1on (Fig. 1B) shon.e~l a sti-o11g peak at 722 
~ u n u  correspo~lcding to C , ,  and a peak at 
724 amu corresyoiniiinc to 'HeK,,,'. T h e  
mass spectrum (Fie. 1B) o t  this sample in- 
dicates that 110t only are f~~l lerenes  present 
in the  Sudl:ur\- deposits, hut they c o n t a i ~ ~  
traypeil He  (1 6) .  

Synthetic I-ICQC;,~ molec~~les  release I-Ie 
upon heatlnc (8). W e  evaporated a separate 
to l~lene fl-action from Sudl~ilry (containing 
f~~l lerenes)  to dryness, heclteLI the resiclues 
incrementally, a n ~ i  measured the 'He and 
'He concentrations (Tahle 1 )  uaing a mass 
spectrometer (17,  18).  T h e  He  concentra- 
tlons in the Do\l-ling sanlple correspond to 
67 atoms i>tiHe per 12' tullerene molecules 
and 37 atonls of 'I-Ie per 12'"tullerenes. 
T h e  'I-Ie release pattern tor the Capreol 
salllple (Fig. 2 )  is similar to the release 
pattern determined tor svnthet~c t~~ l l e renes  
(8 ) .  T h e  release of 'He iron1 the Dnwling 
sanlple (F1g. 2 )  1s some\~lhat create1 at lo\\rer 
temperatures anil l i  attri lx~ted to  the pref- 
erential rele:~se ot I-Ie from CTo These mea- 
surements sugcest that the  He  na. releaseil 
froill ti~llerenes lxcause no  other acid-resis- 
rant He  carrier phase, such as ca rh lde  or 
rnlcrociiami>ncis ( 19) ,  n.as oherr-eil in our 
samyles nix  \\-oulLI s ~ ~ c h  phaaes prodi~ce tlie 
release pattern characteristic of He@C,,, 
that \ve foimd upon heatinc. 

T h e  ?I-IC/~HC ratw (sum of all heat i~lg  
s t e p )  \\-as 5.3; X lQP' h r  Capre01 anil 5.46 
X ISPt  for Do\\-lillc. These ratios are higher 
than the accepteJ solar n-ind value of 4.4 x 
ISP4  (2G) anil higher 11\- a11 oriier of mag- 
ni tu~le  than the maximum mantle value of 
4.4 X 1Q-' (21 1. SL>me nleteorites 11ar.e 
heen reported to contain He  \~l t lh  a higher 
'I-Ie/tI-Ie ratlo, prn,luced hy a combi~lation 
of implantation anci cosmic-ray hornbard- 
nlellt (22) .  T h e  'I-IC/~HC ratios measureii 
for the Sudbury fullerenes are higher than 
the 3.Q X lQP' rrali~e reported tor interp1,111- 
etary cdust particles collected in the strato- 
sphere and 111 Jeep-sea seclirrrents (22) .  T h e  
inlplication of the :He/'He results tor the 
SuJhur\- f~~l lerenes  is that the H e  11 ithin the 



C,, lnoleci~le is also of extraterrestrial orl- Table 1 .  Concentration of the He released during step-heating ( I  7). The 3He/"He ratio (Rj is compared 
pin. In  order to retain extraterrestrial He. to the a"erage value for terrestrial air (R,,,). 

fullerenes must have survived the iml~act  
that produced the  Suill:ury crater (23). 

It the fi~llercncs had torrncd as a result of 
the impact event, it seems likely that the 
'Hc14Hc ratio ~ ~ o l 1 1 d  reflect sotlle contribu- 
tion trolu Earth's atmosphere, resulting in a 
'He14He ratio lo\ver than solar wind valiles. 
T h e  rigid-sphere incorporation moilel d c ~ e l -  
oped tor the synthetic f~illcrencs (8) suggests 
that the probability that a ~ lob lc  gas atom 
will be trapped ~vit11i11 a tullcrenc lnolcci~lc 
during tormation is a lilnction of the size of 
the ti~llercllc car-itv anil the dcnsitv of the 
gas. AccorLling to this moilel id) ,  the 'He 
partial pressure tor the S u d b ~ ~ r y  t~lllerenes at 
the  time of torination is estimateil to have 
been C.5 torr (versus 12-lo tors ill the 
present-day atmosphere), suggcstinc that a 
mechanism other than a terrcstrlal synthesis 
is needed. T h e  ratios of the C,,, isotopic mass 
peaks for the fullerenes ( I )  show a possihlc 
enricl~ment in "C, nrliicli would also ~ n d i -  
cate an extraterrestrial source of C. 

Other possible terrestrial pro<luct io~~ 
mechanisms tor the  'He, such as cosmic-ray 
bolnhariilnent on Earth, may accoimt tor 
o~ l ly  a tiny fraction o t  the  total 'He in the  
C,, because surface exposure of the Sudbilry 
rocks for Inore than 5 x 1 S9 years ~ ~ 0 1 1 1 ~ 1  be 
~ l e c c s s a r ~  to generate the measured amount , , 

(24) .  Nuclear reactions in the  terrestrial 
enviro~llncnt over geologic time are also 
capable o t  ge~~cra t ing  high 31-Ic/'I-Ic ratios, 
and this process has been invokcil to cx- 
plain the high 'HeI4He ratlos determined in 
some iliamonds (25).  T h e  dominant pro- 

Tern- 3He W e  
3He/We Fraction of 

perature (1 0-" (1 0-" 3He released 
cm3ig) cm3ig) (R/R,,,j per minute 

400 
500 
600 
700 
800 
850 

Total 

450 3.32 7.66 
550 9.20 15.98 
650 9.1 1 15.75 
750 25.62 40.88 
800 18.88 32.10 
850 1.33 2.67 

Total 68.0 115.6 

duction mcchailis~ll 1s 'Li f 11 + 'He f 

'He ( 3 H  decays to 'He).  However, in typi- 
cal crustal rocks, the  'Hc/'He ratio o t  this 
~l i~cleogcnic  conlponent 1s 1CPs, or 1CP4 
times tlhat observed for Sudhury filllerenes. 
Esvcriillcntal results (26)  indicate that. , , 

cr-en ~lllder ideal conditions In ~ ~ h i c h  the  Li 
atoll1 is attachcil to the C,, molecule anil 

< L, 

then irradiated ~ v i t h  a low thermal neutron 
flux ( l C 1 '  neutrons per square centimeter), 
only four 'I-I atoms were ~ n c o r ~ o r a t e d  per 
19'' C6,, molecules. T h e  irradiation also 
destroyed a large p o r t ~ o n  of the fullerenes. 
T h e  expcri~ncntal yicl~l is only 11% of the  

680 700 720 740 760 
m /z 

Fig. 1. (A) Laser desorption (refectron) mass spectrum (LDMS) of the Dowling sample showiing peaks at 
m/z of 720 and 840 amu. lntensty is gven in arbtrary units. The Dowing sample had signlficanty more 
C,,+ (804 amu) than the Capreol sample (the C,,- peak for Capreol was barely above background). (B) 
The LDMS of the Capreol sample. By carefully calibrating the mass spectrometel. at an acceleration 
voltage of 5 keV, we were able to obsewe a mass spectrum that included C,& and &,He+ at 724 aniu 
(a peak for 724 amu was not obsenled In any of the authentic fullerene standards). Thls analysls 
inaxiinizes the detecton for CEO- and C,,He-, and thus the peak intensities shown are exaggerated and 
do not reflect the absolute abundances of the ions. Under the LDMS condtons, t is unlikely that C,scHe- 
wiould sunlive lf He were bound to the exterior of the C,,- molecule. These results suggest that He IS In 
tile Interior of the Sudbury CEOt molecule, indcatlng an endohedral complex (76). 

collccntratio~l (37 'He atoms per 12" C,,,) 
observed, demonstrating tlhat ~luclear reac- 
tion implantation is not  an effective mech- 
anism h r  getting I-Ic into t~lllcrcnes. 

T h e  presence of extraterrestrial He@C,,, 
111 the  Sildh~lry impact ileposits suggests that 
fullercnes lnay indeed be present in  sollie 
meteorites or colllcts anil that t~lllcrclles 
may also be a unique carrier o t  noble gases 
in certain extraterrestrial environments. In 
addition, o n  the  basis of the  H e  release and 
temperature-pressure stability estimates for 

Temperature ( 'C)  

1000 600 400 200 
I I I 

t 

Fig. 2. Temperature (g-dependent W e  release 
for the Capreol (A) and Dowiling (a) samples. 
Open symbols are the release rates for the syn- 
thetc fullerenes (C,, and c,,) taken from (8): (V 
and A) 5He, (3) 4He, and (C9 Ne. 
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He@Coo [see Fig. 2 alld (8)], some portion 
of the  Suilbury bolide must have remalneil 
ivcll helow the  H&C6,, stability tcmpera- 
ture (lCO0"C). Tl-ie survival of He@C,, 
during a bolide Impact such as the  one that 
created the Sudbury crater is unexpected 
(27) and suggests that the  exogenous dcliv- 
cry of organic lllatcrial to the early Earth 
may be Illore favorable than has been prc- 
vio~lsly ~ S S U I I I C ~ .  T h e  extensive fragmcnta- 
tion of a bolide during passage through 
Earth's atlllospherc may be one way of prc- 
serving some of the  cxtraterrcstrlal organic 
material during a n  impact event. 

.An important remaining consideration 
is the  type of environment that would favor 
fullerene formation. T h e  diff~lse interstellar 
medium (ISM) is a hostile environment, 
and several processes may act to destroy 
fullcrcnes (for cxamplc, sputtering or 
shoclts). Holvcver, there is evidence for the  
existence of a solid form of C that is o i  the  
size of a large molecule or a small particle, 
ha\-ing survival characteristics against ultra- 
\,iolet photoilissociatio~~ and destructive 
shocks (23). LYihcther this nlaterlal is in the 
iorm of polycyclic aromatic hyilrocarhons 
(23, 29) or is related to f ~ ~ l l e r e n c  molecules 
(30) rc~l la l~ls  an  ~ntriguing question. 

Because the  Sudbury f ~ ~ l l c r c n e s  cshihit  
'HcI4He ratios that  cxcccil those associat- 
ed with the  solar wind and because of the  
high H e  pressure of incorporation (-1000 
torr a t  lCOOCC), we favor a sccllarlo in  
which He  is trappeil in the  Sudbury 
fullerenes before the  condensation of the  
solar nebula (36) .  Hoa.cver, alternative 
mechanisms occurring in the  ISM, such as 
spallation reactions and selective H e  im- 
plantation, ma\- also he rcsponslble for the  
higher than  solar 'Hc/'He ratios. T h e  pau- 
city of H appears to he necessary to pro- 
mote  the  C shell closure rc~lulrcd for 
f ~ ~ l l e r e n e  formation 131 ) .  Envlronlncllts in  
which the  formation and preservation of 
f ~ ~ l l e r c n c s  may be favorable (3C. 31 ) ill- 
clude those for lt-hich the  H concentra- 
t i o ~ l s  arc much lower than the  mean cos- 
mic abundance (HIHc < I@-'), t he  C / H c  
ratio is -0.004, and the  C/O ratio is >1.  
These  co~lil l t ions arc sinlilar to  the  out- 
f1olt.s from Wolf Rayct and R Coronac 
Borealis stars 136-33). Conflrmatioll of a 
prcsolar origin for the  Sudhury fullerenes 
will r c ~ ~ u i r e  the  ldclltiflcatioll of anoma- 
lous isotopic compositions of Ne ,  Kr, and 
Xe [for example, the  pure "Ne coinpollent 
(5)] tliat may be co~ l t a ined  within the  
fullercnc molecule (34)  anil prcclsc detcr- 
i n l ~ l a t i o ~ l  of the  Sudbury fullercne C iso- 
topic ratio. 
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resc l~~e  vias then reclissoved In toluene ancl concen- 
tratecl to --1 m ,  yieclng a bright reclcl~sii souton. 

> 3  T L. Rol; and B H Dav~s Oig. Geocliem 20, 249 
11 993). Aclcl~t~ona steps for separatng carrer pi-ases 
r i  meteor~tes Ifor example, ~re~noval of organic and 
a~norplious C ' r ~ t h  Cr,O- arncl remova of kerogen 
a ~ t h  NaOH or H,02) v~oulcl ke ly  clestroy any 
fulerernes tliat Inay l;e presernt In the ~neteor~tes In 
acld~ton, f~~llerernes are sol~~l; e In t o l~ene  and CS,, 
:vIich are ohen ~ ~ s e c i  for the rernova of polycycl~c 
aromatlc hydrocarbons an3 S respect~:,ely Tl i~s 
i i ay  expan aliy fullel-ernes have not beer? previously 
dentfecl as a carrer of noble gases In rneteortes. 

'4 .  \:\I. KratscP'ner L. D La~nb  K. Fostropouos. D P 
H~,ffmari, A/a:L!i-e 347 354 (1 993) 

15. V,!e obtained LCMS ~~sirng a 4PATOS (reflectron) 
time-of-fght n s t ~  unent at Pigonrne Natona Labo- 
ratores ?.itIi un t  Inass reso~~t ion i!?~ln?) of up to 

2000 A rn~croter of concentrated so l~~ t~o r i  'was 
pacecl on a staness steel scle Ornce tiie toluene 
lhacl cornpletely e~!aporatecl, the fulerene extract 
*as trarisferred by a rapid sample change p o r  Into 
tile In gii-vacuum chaniber (-2 x 1 0 -  to 2 x A 3-3 
torr). Neutral and onzeci p a r c e s  viere desorbed by 
a 337-nm utravolet ntrogen laser at o w  polfier den- 
sltles 1 ~ 3 '  '?\! ~17,). MGSS spectra of posit~ve oris 
e,iittecI clrecty in the desorption process from the 
sarrple '?!ere collectecl Blanks 'were run betaeen 
sarnp e analyses. Stanclards of Cm and C7, ,Alclr~cli) 
*,.,ere ~ ~ s e d  to cabrate measu:er-~ernts of f~~llerernes 
detecteci r i  tlie salnp e extracts 

16. F. E Srnaley J. Ptiys C17ein 95 7564 (1991) T. 
\:\Ieske J. H~usak, D. K, Bolime, H Sci;:va:z, Chen:. 
Fiiys Let: 193, 97 1991  I. They also observecl a 
mass spectrum for syntlietc endoheci~al fulerenes 

'7 .  Tlie toluene extracts cornta~n~ng the S u d b ~ ~ r i  
fulerenes viere oaded Into a metal tuI;e furnace 
~ r ~ t l i n  a glove box urnder a N, atmospP'ere In prepa- 
raton for noI;e gas analyses Afier P'eatrng the sani- 
pes r i  vacLLlm f o ~  3 clays at 100°C whch conpete-  
y rrer-imecl any resdua to l~ene,  *ide then ncleneri-  
tally P'eatecl $60 m r i  per step) tlie ~nicrogram q~~an t l -  
tles labout 200 1l.g of C,, per a cluotl of f ~ ~ l l e ~ e n e  
resdues to release tP'e trapped noble gases (8, No- 
ble gases He Ne, ancl Ar ,,;!ere cryogenca~ly sepa- 
ratecl and tlieri secl~~entially measured :v~th a VG 
5400 rnoble gas mass spectrometer f~tted ?.~tIi a 
Joi;rnston electron niul tper :v~tli p ~ s e  co~~rnting 
eectroncs on the a x a  collector [R J. Poreda ancl < 
A Farey, E8-ih P'ai'ei. So. Lefi. 11 3 129 (1 99211. A 
reso l~~t~or i  of 550 (m Am) a c l i ~ e ~ e d  complete base- 
r ie separat on of H e i  and HE . Absoli~te al;~n- 
clances of "He, "He. ' A r ,  'VP arncl 'We 'were cal- 
c~lateci  by peak Iiegiit comparson to a stanclarcl of 
krnovin size (0.1 31 cm' of alr at standarcl tempera- 
ture and pressure! v.,tIi an accLrac;. of ~ 3 " " .  The 
srnal amount of "Ne and ' A r  at a te~nperat~~res 
( 1 3  ' and 1 0  '"cm-' respectve y) 'was ecluivaent 
to tlie average blank. Average 1;Iank eves viere 1 x 
1 3  'Qm'  for -'He ancl 2 x 10- c17"or ,He, Tile 
contr~bution of aclsorbecl at~rospl ier~c He can he 
est~rnated f ron tile measurecl "Ne ancl tiie H e  
W e  ratlo n alr of -3 1, In a of tlie temperaillre 
steps al;ove 233 C, ths  c o n t r b ~ t  on ?.as rnegl~gil;le 
(-1'. o f '  He ancl <0.0'% ofHe1,  In coniparson to 
tlie fuerene toluene fract ons, lieat~rng 10 179 of the 
1;~lIk accl r esc l~~e  to 833°C re easecl jHe ancl -He at 
eves al;out three times tile extracton blank. 

18. Ptmospiier~c isotopc ratios of Ne and Ar viere niea- 
surecl for t,ie Coal ng ancl Capreo samples in all 
te~nperat~re  fract~ons Tlie ~ n e a s ~ ~ r e d  gas ~ndcates 
that tlie presence of an aclsorl;ecl a tmos~l ie r  c corn- 
ponent or tliat a ce.tari percentage of tlie fuerene 
molecules ,ias operned LIP over- geoogc t m e  aIlov.- 
ing atmospher~c gases to be incorporatecl, Blarnk 
eves of ,'Ne ?.ere about 13; tmes tile barnk eves 
for 'He (-1 3 ' ' c m  for Ne versLls - 1 3 ' :  ccmVor 
He), If the anolnaous gas component has a s o a ~  
'He "Ne rato of 1.3 [l\A Ozina ancl F. Podosek, n 
i\'oi~le Ges Geocl'enisny (Ca~nbridge Univ. Press 
Cambr~clge, 198311, thel- we ~ieecl to acheve a factor 
of 13 reduct~on n oLr "Ne lhackgro~ri~l  to observe 
any arno~nalous Ne isotopc ratos 

19 Analyses of these ac~cl res dues by transmiss on 
eectron Incroscopy 11-dcatecl that ti-ere ,.+!ere no 
n-crod~a~r,onds, In adcl~t~on. ae cld not ohserve rrl- 
crodamonds or SIC In the t o l~~ene  fract~orns 

20, B. A. Ma~nyrn ancl L N To stik n, in Hei i~n? Isot3oes 
111 i\'at~~re ,Elsever, Amstercla~n 1 %a), J. P, Bernkert 
H Baur, P. S~gner R ~?/~eler. J Gecp.l::,!s. Res. 98, 
131 47 11 993). T D. S;,:inclle, In ,".leie3o:es e!:o ihe 
Eariy So1a1 S/s:ein, J. F. Kerr~clge ancl ivl. S ivlat- 
theas, Eds ILI-I~V of Ar~zona Press Tuscon, 19881, 
pp. 535-564. 

21 \:\I. Rlson arncl H Crag Ea-iij Plane:. So'. Lefi 66, 
367 i l983),  C J. Alegre T. Staudacher P. Sarcla. 
l\A KLI'Z, ivaiL!,-e 303, 762 ,19831, id. C. 4 ~ 1 r i  \:\I. J. 
Jenk~ns, S. R Ha*. D. Clague Ea!-rh Pianer. So. 
Let:. 66 388 11 983). 

22. A. 0. Ner  an3 D. J. ScP'lutter, ,"/,;eiecr~trcs 27, 166 
(1 9921: C E Bro~r.,iIee, GeccI71'7'. Cosn:c- 
cl'rhl. Acta 54 173 ,1993): i,4 Oz~rna, i d  Takay- 
anagi S Z a s i i ~ .  S Arnal i\ 'at~~re 31 1 a49 11 %a): 
4.  A. Farey. ibro 376, 153 I' 995). 

SCIENCE \'OL. 272  * 1: .Al'KIL 1996 



23. Once the fullerenes \:!ere clepos~tecl r i  the Suclbury 
structure iOnaprig Formaton) tiley 'were protectecl 
from oxdaton and rradaton by a surroundng sul- 
fde-slcate matrx, whch allowed them to su~i ive to 
the present ( 7 )  

24. Th~s calculat~on uses an average cosm~c-ray-~n- 
duced crustal production [T. E Cering and H. Cra~g 
Annu. Rev. Earth Planet Sci. 22, 273 ( I  994)J of 3He 
determined for slcates (rate of 100 atoms per gram 
per year) at the latitude and alttude of Sudbury The 
efficency of the recoil of cosmc-ray 'He from the 
slcate matrx nto the C,, structure 1s not possbe to 
evaluate. 

25, D Lal. Eanh Planet Sci. Lett. 96. 1 (1989). The rate 
of 3He producton In ths  nuclear reaction 1s a com- 
pl~cated functon of LI, U, and Th concentratons. 
but for average crustal rocks (such as the Black 
Member Onapng Formaton) w t h  a U content of 
1.25 ppm Th/U = 4, and a Li content of 20 ppm. 
the rate of producton can be approxmated by the 
U concentration, the 'He producton rate [4He (in 
cubc centmeters per gram) = 2.35 X 1 0 - l3  X U 
(ppm) x time (In years) and the average 3Hei'He 
ratlo for product~on in crustal rocks (1 x 
Over a perod of 2 x 1 Ovears, the amount of W e  
produced was 1.6 x 1 Oe atoms per gram of rock, If 
terrestr~al incorporation of 3He (~n~t~al ly  as 'H) IS 

Important then approxmately 496 of the total W e  
product~on In the Onap~ng host rock ultimately 
ends up r~ithin tile fullerene molecule (measured 
3He concentraton 1s 7 4 milon atoms of 3He per 
gram of rock). For randomly dstrbuted L atoms 
and fulerene molecules In the Onapng host rock, 
the probablity that the 2 7-MeV 'H atom (recol 
d~stance of lo-%) V J I  intersect a C,, molecule 1s 
close to 1 In l o 4 .  Ths model assumes a random 
dstrbution of C,, (about 2500 molecules) w ~ t h n  a 
sphere of radus 10-% and that every interacton 
of 'H w ~ t h  a C,, molecule results In 3H ncorpora- 
t o n  One must envison an ncorporaton mecha- 
nsln that 1s hghly seectve for W e  relatve to 4He 
from U decay We thus consder the terrestrial pro- 
ducton and mplantaton of 3He to be an unrealstc 
mechansm for the Sudbury fullerenes. 

26 H A J~menez-Vasquez R J Cross, M Saunders. 
R. J Poreda, Chem. Phys. Lett. 229, 11 1 (1994). 

27 C Chvba and C. Saaan. Nature 355. 125 (1 992) C 
F ~h;ba, P J ~ h & a s ,  L Brookshard C. sagan, 
Science 249, 366 (1 990) 

28 The fulerene caton CGc-l- has been dentfled in two 
new Infrared emisson features In the nterstelar me- 
dium [B. H Fong and P. Ehrenfruend, ~Vat~ire 369, 
296 (1994) T P. Snow and A N. W~tt,  Sc~ence 270. 
1455 (1995) A. G. G. M. T~elens, in NASA Conf, 
Publ. 3061 (1990j, vol. 1, p 59 

29. L J Allamandola, A G. G M. T~elens, J. R. Barker. 
Astrophys. J. Sup01 Ser. 71 , 733 (1 989) 

30. H. Kroto. Science 242, 11 39 (1 988) 
31 D K Bohme, Chem. Rev 92 1487 (19923,s Petrle 

G. Javahery, D. K Bohme, Astron Astrophys. 271 
662 (1 993). 

32. J P. Hare and H. W. Kroto Acc Chefm. Res. 25, 106 
(I 992) 

33. Carbon soot formaton In these stars IS expected to 
be n~ t~a ted  through the formatonof poyenes [acet- 
ylene-ikeC chars wthout H, such as C,, C,, and CL 
(30)l. The lack of H mnmlzes saturation of dangng 
C bonds, alowng pentagons to be ncorporated Into 
the aromat~c structure The ntroduct~on of penta- 
gons Induces warping and curl~ng of the aromat~c 
planes, whch would lead to closure and fulerene 
formaton. It was the laboratory experiments used to 
probe these quest~ons (laser ablaton of graphte In 
an Inert enl~ironment) that resulted In the n ~ t ~ a l  d~s -  
covery of fullerenes (C,, and C,,) and the proposal 
that ths unque form of C may be nvolved In the C 
nucleaton process (30-32). 

34. Recent calculated equbrum constants for the In- 
corporaton of noble gas atoms nsde  the C,, mol- 
ecule (two dfferent models were used to calculate 
the potental between the noble gas atom and each 
C atom) ndcate that the potentals agree for encap- 
sulat~on of He and Ne but dsagree strongly for en- 
capsi~aton of Kr and Xe If th~s IS the case, then the 
C,, molecule may preferentially incorporate the light- 
er noble gases over the heawer noble gases (H A. 

Jmenez-Vasquez ancl R. J. Cross, J. Chen?. Phys.. 
In press) 
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Orientation-On-Demand Thin Films: Curing of 
Liquid Crystalline Networks in ac Electric Fields 

Hilmar Korner, Atsushi Shiota, Timothy J. Bunning, 
Christopher K. Ober* 

Electric fields have been used in the processing of thin film, liquid crystal thermosets to 
produce cured network structures selectively oriented either parallel or perpendicular to 
a film substrate. Orientation, which depends on both the liquid crystal nature of the 
thermosets and their dielectric anisotropy, is selected by varying the frequency of the 
alternating electric field and is locked into a robust network structure by a cross-linking 
reaction that takes place concurrent with orientation. Structural changes and orientation 
during the curing reaction were measured in real time with synchrotron x-ray diffraction. 
Diffraction studies show that, before curing in a modest electric field of 1 volt per 
micrometer, reorientation can be induced by changing, for example, from a high-fre- 
quency (>I000 hertz) to a low-frequency (<50 hertz) electric field, which causes a 
90-degree flip in the molecular orientation. 

T h e  ability to  control organization at the  
molecular level is revol~~tionizing the  design 
of lnaterials and leading to new structures, 
which range from self-assembled monolay- 
ers ( 1 )  to mesoporous inorgaliics (2) .  T h e  
molecular assemblies used in the  formatioli 
of these complex co~npositions are usually 
built from aliphatic colnpounds with long 
alkyl seglnents that produce spontaneous 
organization similar to  surfactants. Layer- 
by-layer assembly, ~vh ich  makes use of ionic 
and hydrogen-bond f o r m a t i o ~ ~  bet~veen al- 
ternate layers of polymers, has also been 
used to form stable, lamellar structures use- 
ful for applications such as light-emittmg 
diodes (3). Liquid crystals (LCs),  hocvever, 
have similar self-assembly characteristics for 
for~nlng complex phases and provide addi- 
tlonal features, such as their remarkable 
ability to  respond to applied fields. 

W h e n  aligned with external fields, LCs 
u 

can be used In a wide range of applica- 
tions, including optical filters, displays, 
and data storage. By locking-ln the  anlso- 
tropic properties of LCs (4 ,  5 )  through the  
forluation of covalently bollded networks. 
controlled-order materials can be created: 
T h e  develooment of L C  thermosets 
(small-molecule L C  precursors tliat can  
link up to  form such networks) has been 
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motivated by their potential use in  struc- 
tural applications where the  need for Inore 
versatile polymeric lnaterials with tunable 
strength and stiffness and well-controlled " 

mechanical anisotropy exists (6 ) .  
Our goal in this study alas to create a 

molecula; system in wliicli bne could not only 
allen the colnoonents In external flelds to " 

for111 anisotropic networks but also selectively 
control and lock-in the direction of alignment 
by network formation. Such lnaterlals have 
physical and chemical properties that are very 
different along each orlentation, and one can 
conceive of using photocliemistry, for exam- 
ple, to form films with order and orientation 
L ,  

set in specified regions. By establishing orien- 
tation in a controlled fashion, one can vary 
the properties of such a f l l~n  o n  demand 
before cross-llnkine with a single clielnical " - 
precursor to form lnaterials with tunable 
transport, optical, and mechanical properties. 
Orientation, which occurs in seconds in the 
uncross-linked thermoset under inodest elec- 
tric flelds of E = 1 V/pm, is retained at 
temperatures Inore than 100°C above the 
glass transition because of the presence of the 
network. 

Studles carried out previouslv 111 our lab 
oratories on L C  cyclic siloxanes in a n  E 
fleld showed freouencv-addressable s\vitcli- 
lng, that IS, freiuencr-dependent orienta- 
tion selectloll eitlier parallel or perpendic- 
ular to an  applied ac electrlc field (7). Our  
experience with the processing of tliese 
ion-molecular ~veioht lnesomorvhic corn- " 
pounds suggested that we could orient L C  
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