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The heterofullerene ion C,,Nf is formed efficiently in the gas phase during fast atom 
bombardment mass spectroscopy of a cluster-opened N-MEM (N-methoxyethoxy meth- 
yl) ketolactam. This transformation is shown to occur also in solution in the presence of 
strong acid, affording biazafullerenyl (C,,N), in good yield. It is proposed that the aza- 
fullerene dimer is formed upon in situ reduction of the highly reactive azafulleronium ion. 
The isolation and characterization of biazafullerenyl opens a viable route for the prepa- 
ration of other heterofullerenes in solution. 

T h e  introduct~on of heteroatoms into the 
fullerene cage leads to significant perturlia- 
tlons o n  the electronic and geolnetrlc char- 
acter of the fullerene cluster ( 1 ) ;  srlch heter- 
of~~llerenes are expected to have appl~cations 
111 s u ~ e r c o n d u c t ~ r ~ ~ t ~  ~ h o t o ~ ~ l d ~ ~ c e d  electron , L 

transfer (photoelectric dev~ces),  and organic 
ferromagnet~sm. Hoaever,  to date ~t has 
oroved d~fficult to nreoare and  sola ate heter- 

L L 

ofullerenes anti thus to gain a more detailed 
understand~ng of their properties. In  1991, 
Smalley's group reported the gas-phase prep- 
aration of "dopy lialls," molecular clusters 
consisting of C,,+,,B,, (2 ) .  T h e  preparation 
follo\%red the usual procedure of laser abla t~on 
of a graphite-heteroatom composite rod. Lat- 

u L 

er in the same year, Rao reported the prep- 
aration of a numller of C,,N,,, fullerenes (3) 
on the hasis of mass soectroscooic ohserva- 
tion of peaks 111 the rallge In/? (mass/charge) 
= 722 to 728 of toluene extracts of eraoh~te  - L 

arc soot, generateti 111 the presence of nitro- 
gen or ammon~a.  More recently, in attempts 
to prepare nanotul~es in a nitrogen atmo- 
sphere, Zheng et  al. (4) reported the prepa- 
ration of C,,N. Neither of these groups re- 
ported exact Inass measurements, nor Jld 
they comlnent on the possible fragmentation 
pattern. More recently, verificat~on of the 
existence of C,,N and C,,N 111 the gas phase 
Lvas reported by Mattay et  nl. (5) and by 
Lamparth et  nl. (5).  

Now \hre report that an  efficient gas-phase 
preparation of azaf~~l leron~um Cj ,N+,  unre- 
lated to that reported by LMattay et  al. (5 )  and 
Lamparth et  nl. 151, can he m~nlicked In 
condensed phase hy organlc synthesis, res~llt- 
ing in the isolation and character~zation of a 
d ~ ~ n e r  of the azaf~~llerenyl radical, hiaza- 
fi~llerenyl (C,,N)?. Recently, we described 
openillg a hole 111 the C6, cage structure (6). 
FAB mass spectroscopy (FABMS) of the 
open cluster 1 revealed a hase peak at m/r = 
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722; a high-resolut~on measurement shoa.eil 
an  exact Inass of 721.9991 atonllc Inass units 
(amu), 111 good agreement \%'it11 the theoret- 
ical value of 722.003074 for C j ,Nf .  Further 
conf~rmation a.as found 111 the "shr~nk-~vrap" 
fragmentation pattern of efficient loss of 26- 
amu (loss of C N ,  m/? = 696) and successi~~e 
24-amu (loss of C,, m / ~  = 672, 648) frag- 
ments. A pattern of successive losses of C-. 
fragments Lvas reporteii for C,,  (7). There is, 
however, a nlarked d~fference hetween the 
shr~nk-\%.rap pattern of gas phase-prepared 
borafullerenes (for example, C,,B), reported 
by Smalley et  it1 (7), and the shr~nk-\\,rap 
pattern of the azaf~~l leron~um ion. Whereas 
the horafi~llerenes exclusively lose C, frag- 
ments (down to C3 ,B) ,  the azaf~~l leron~um 
Ion f~ r s t  loses a C N  fragment and then C, 
fragments. T h e  different l ~ e h a v ~ o r  is 11kely 
due to the cIecreas111g relative s t a h ~ l ~ t y  of the 
(neutral) C N ,  C,, and C B  fragments; the last 
IS a carhene radical and IS expected to he 
unstable. A relat~rrely mtense peak at ~ n / z  = 

780 (9596) is due to loss of 2-methoxyetha- 
1101 to yield the hr-methyl carbon~um ion 2 
from 1 (Scherne 1).  

Scheme 1. Proposed mechanism for the gas- 
phase formaton of azafuleron~um C,, N -  (4) from 
N-MEM ketolactam I In FABMS. 

t i d ~ n i ~ ~ n l  intermeciiate 3 (Scheme 1)  may 
seen1 counterintuitive at first s ~ g h t ,  it IS 

plaus~lile liecause the cyclopentanone car- 
llonyl group and the  N-methyl carllon~um 
ion are narallel and huttressed agamst each 
other hy the cage net\vork. Support for t h ~ s  
mechanism Lvas obtained from the F.AB 
Inass spectrulll of c o n l p o ~ ~ ~ l d  5 ,  a more c o n -  
ples N-h'lEh'l ketolactam Jer~vat ive  of C,,, 
synthes~ied recently (8). 

The FAB 11x1s~ spectrum with an  o-dichlo- 
rohenzene/p-nitrohe11zy1 alcohol (ODCBI 
NBA) matrix of 5 sho~ved a s ~ l ~ a l l  Mf peak at 
mlr = 958 (49(~),  a peak at ,n/r = 883 (17%), 
corresponcimg to the loss of 2-methoxyetha- 
1101, a peak at nl/? = 853 (35%), correspond- 
~ n g  to the subsequent loss of formaldehyde, 
and the hase peak at m/? = 722. The  shrink- 
wrap fragmentation pattern of the azafullero- 
I ~ ~ U I I ~  ion \\,as again ohserveci. 

In a search for a synthetic organic method 
to o h t a ~ n  macroscopic quantit~es of 4 (or a 
cler~vative) that \\-auld mi~nic  the events 011- 
served In FABMS anii in the process of at- 
tempting to remove the \\-hole h'lEh'l group 
w ~ t h  a concom~tant imPro\~ed access to the 
or~fice in this molecule, a.e ol~served that 
reaction of 1 a.ith excess TiCl+ in ODCB at 
room temperature yields the K-chloromethyl 
ketolactam 6 in 47% y~eld, ~nsteaii of the 
expected fully deprotected lactam (9) .  Com- 
po~lnd 6 a.as an t~c~pa ted  to he a good precur- 
sor for the correspond~ng K-methyl carhon- 
iunl Ion. Its FAB Inass spectrum (toluene/ 
NBA) contained a hase peak at m/r = 722, 
accompan~eii by shrink-\\-rap peaks at m/? = 

696, 672, 648, and 624. However, the only 
signif~cant peak het~veen the (M + H ) +  peak 
at mi,- = 816 and 722 was at ~n /z  = 768, 
corresponding to the proto~~ated,  Lieprotected 
ketolactam. This result ind~cates that in the 
case of 6, a different pathway to the aiaful- 
leronium lo11 IS followed t11,ln 111 the cases 
of 1 anci 5. Compound 6, the  third analog 
in our serles of C6, derivatives a.ith an  
opening in the cage structure, \%,as fully 
character~zed by proton nuclear magnetic 
resonance ( 'H-NMR) ,  "C-Nh'lR, ultrav~o- 
let-vis~ble ~~ec t ropho to rne t ry  (LV-\ ' is) ,  
and Fourier-transforlnn infrared (FT-IR) 
spectropl~otometr\.. 

In a second attenlpt at deprotecticx~, a fast 
anci remarkable reaction was observed when 
N-MEM ketolacta~n 1 was treated with a large 
excess (15 to 20 equ~valents) of 11-toluenesul- 
ionic aciJ mc~nohydrate 111 ODCB at reflux 
temperature under nitrogen. The  h r m a t ~ o n  of 
;I very apolar major product, account~ng for 85 

1554 SCIENCE VOL 269 15 SEPTEhlBER 1995 



to 95% of starting material, \\.,IS obtained by 
co1~11nn chr i~n~a t~graphy  (sil~ca gel/toluene) 
of the crude reactlon mlxture (19). 

T h e  absence of an  electron spin reso- 
nance (ESR) signal excludeii the p o s s ~ b ~ l ~ t y  
that the above product ~vas a stable free 
radical. T h e  compounci alsc showeil no  s ~ g -  
nals In IH-NMR (hot11 in CS; anti in 
ODCB-c14). The  elenlental analysis (C, 
95.03; H ,  <0.5; N ,  1.99) was considered 
consistent with a formula of C,,N or 
(C,,N)? [calculateci for (C,,N):: C, 98.06; 
N ,  1.941. Although the value for carhon 1s 
low (by -390), it is not LI I ILI~LI ; I~  for fullerene 
iier~vat~ves;   no st f~lllere~les cia not hurl1 
properly and cons~stently give results that are 
1 to 4% helo\%, the calc~llateii values. Our 
confidence rests ~v i th  the llltrogen anti hy- 
drogen analytical res~~l ts .  

Electrospray MS (+ )  (pos~t ive  Inass 
spectroscopy) of a 0.02 to 0.05 mbl  solution 
In toluene shoa.eil, bes~des a strong peak a t  
~n lz  = 722 (1 I ) ,  a weak ion cluster a t  m/? = 

1445 (Fig. l ) ,  corresponding to free raciical 
cation M(.) + of C, ,,N,, presumal~ly formeil 
hy electrochemical oxidation of the neutral 
species III the stainless steel electrospray 
capillary (12) .  Because neutral C,,N can 
only exist as a radical (1 ) (anc-i therefore hy 
itself cannot he our product) and because 
molecular clusters, ohser\,ed in h'lS, are al- 
~vays a result of cation clustering with neu- 
trals, it is unl~kely that tlhe m / ~  = 1445 peak 
was the result of ~nolecular cluster~ng. 

A strong argulllent for existence of the  
i l i~ner  n7as ohtaineci from its cyclic voltam- 
nlogranl ( C V )  ( 1  mh/l solution in  ODCB/ 
0.1 k l  Bu,NBF,; ferrocene-ferrocenium 
couple, internal standard),  a h i c h  sho~veii 
three overlapping pairs of reversible one- 
electron reductions a.ithin the solvent a.in- 
d o a  ( E l  = 9 9 7  mV, El = -1071 m\', E3  
= -1424 mV, E4 = -1485 m\', E j  = 

- 1979 m\', and E6 = -2089 mV).  A corn- 
h ina t~on  of linear sweep voltam~netry and 
cl~ronoamperometr\. (1 3) estahlished that 
all overlapp~ng waves are twc)-electron re- 
ductions. There 1s also an  irreversible two- 
electron oxidation ~v i th  a peak potential at 
+886 mV, that is, 0.2 \I Inore negative 
(eas~er  to o x ~ J ~ z e )  than C,, (14).  T h e  ap- 
pearance of closely spaced pairs ot waves 111 

the C V  suggests that our systenl consists of 
two (~iientical) ~veakly interact~ng electro- 
phores, s~milar to the J~anthrylalkanes (15) .  

In the "C-NMR apectrum of (C,,N),, 30 
lines were observed in the region between 157 
and 124 parts per v nil lion (pp111) (1 6) .  Nc) 
other resonances (that IS, for expected sp3- 
hybridized carl:on atc~ms) were ol-rser~.ed. 
ODCR was the only solvent 111 ~v111ch a rea- 
sonably 111gli concentratii~n of (C5,N)? could 
ile obralneil. .Although the resollances t;)r 
ODCB-d4 are usuallv jilsr outside the region of 
C,, cier~\.atives, the possil~~lity that a fen s~g-  
nals were lost i~nder the solvent peaks existed. 

A seconci "C-Nh'lR spectrum (8 clays of ac- 
qu~sition) in CS: (ahout 1.5 ~ng/ml, that is, 1 
p M )  consisteii of a sim~lar pattern of 28 l~nes  
and, \\-ithm the exper~nlental constraints of 
tlhe spectrum no~se,  there were no  resonances 
111 the ODCB-d4 region. From the observat~on 
of only 30 lines for (C59N)L, we concluiie that 
the molecule 1s h~ghly synlmetrlc and has two 
planes of symmetry (or one invers~on center 
and one plane of symmetry), one hetrveen the 
two halls and one through the length of the 
c-iimer. O n  the bas~s of t h ~ s  symmetry argu- 
ment, the two l~alls can onli, he connected 
through carbon atoms CI (adjacent to tlhe N 
atom in a "6.6" fash~on. where the C,-N 
bond is l~et\\.een two six-memhereci rngs  of 
the azafullerene, as in 7a, in agreement ~5-1th 
calculated relat~ve electron ciensit~es (1).  

For the depicted dimes 721, the  maximum 

6,6 Closed-6,6 closed 

6,6 Open-6,6 open 

number of carbon atom resonances \voulil be 
3 1, 30 sj) ' ,  and I sj)' W e  have seen only 
signals in the 157 to 124 ppnl reg~on; it is 
possilile that the s~gnal due to the quaternary 
sp' carhon atoms (expected c h e ~ n ~ c a l  shift of 
50 to 110 ppm) IS too weak to lie detected 

under the Fourier transform Nh4R (FT-Nh'lR) 
conJ~ t io~ l s  required to record the re~naining 
signals. Because the s~gnals 111 the 157- to 
124-ppm region corresponii to 11 8 carlion 
atoms 130 signals, of \\.h~ch 1 Integrates to 8 C, 
26 to 4 C (104 carbons), and 3 to 2 C (6 
carbons)], an alternative structure (7b),  in 
\ \ h ~ c h  all carhons are sb2-l~vhrid~zed, could lie 

L ,  

cons~JereJ.  This rather unusual structure was 
mit~ally not expected to he fiavoreil liecause 
( I )  it requires a "6,6 open" arrangement (with 
concomitant ~ntra-annular pentagon doulile 
lionding) and ( ~ i )  ~t was t h o ~ ~ g h t  to require an 
unusual hond angle at the ~nterball bonding 
atoms. Howe~rer, a comhinat~on of the alwve 
Nh'lR results and Fl- IR anc-i U\'-v~s results 
(see below) strongly suggest that 7b  he given 
serlous cons~deration. In addition, construc- 
t ~ o n  of a three-dimensio~lal mociel, as \%,ell as 
computer ~nocieli~lg (17),  sho~v that the spL- 
hybridized carbons that are ~nvolved in the 
interball bonding are less str,~ined m 7b than 
in ChO, hecause they are coplanar a i t h  the 
cage carbon  toms to ~vhich they are l~onded, 
as sho\vn schemat~cally by "liold" ho~lds in 7c. 

T h e  FT-IR (transm~ttance; KBr pellet) 
and neat po~viier DRIFT (diffuse reflectance 
infrared technique) spectra of l~iaiaf~1lleren.).1 
are ~rirtually ic-ientical anii shoa., hesides mul- 
tiple absorptions in the f o ~ ~ r  areas ~vhere  C6, 
s h o \ ~ s  single peaks (that is, at 1428, 1182, 
576, and 527 c m p ' ) ,  a strong peak at 845 
cmp '  and medium stroqg peaks at 837 and 
82 1 cmp ' . Furthermore, there are three 
weaker absorptions at 1584, 1565, anti 1551 
cmp' .  T h e  latter absorptions could be as- 
signed to C=N or C=C or both (from 
C=C€=N) stretching in the his 6,6 open 
structure 7b. 

Besides the stronger ahsorpt~on at 328 
11111 in its LT\'-vis spectrum, the molecule 
features weak ahsorpt~ons a ~ t h  nlaxi~na a t  
442, 596, 720, and 800 11111 and no  Inore 
absorptions in tlhe near-IR region (up to 
2000 nm) .  T h e  broad, rounded hand a t  442 

1445 Fig. 1. Electrospray MS 
I b (-1 spectrum of a 0 02 to 

~1 0 05 mM solut~on of 
(C,,N), 11 toluene The In 
sets are expansions 

around the 722 and 1445 
m/z peaks The expand 
ed patterns g~ve an ex- 

1445 cellent f~t to the calculat- 

SCIENCE \ i>L 269 15 SEPTE\lBER 1995 



nin is typical of fullerenes with a double- 
bond endocyclic to a pentagon (18) ,  in 
agreement with structure 7b. 

W e  propose (see below) that the azaful- 
leronium ion is formed first in a manner that 
mimics the gas-phase formation of azaful- 
leronium as shown in  Scheme 1: T h e  acid 
protonates the IMEIM moiety, inducing the 
loss of 2-methoxyethanol; the N-methyl car- 
bonium ion thus formed rearranees to the - 
four-membered l,3-oxazetidinium ring com- 
pound, which in turn loses formaldehyde and 
carbon monoxide to vield the azafulleroniurn 
ion. T h e  azafulleronikn ion, expected to be 
a very strong oxidant, can apparently be 
reduced ([Red] in  Scherne 2, by either 2-me- 
thoxyethanol or water) to the azaf~~llerenyl 
radical, which dinlerizes to yield biazafullere- 
nyl. Preliminary results indicate that the title 
dilner readily dissociates to the monomer, 

CH20CH2CH20CH, 

(as in Scheme 1) 

1 [Redl 

(C,,N)2 - @ 
Scheme 2. Proposed cascade of events in the 
pTsOH.H,O-nitiated formation of (C,,N), from N -  
MEM ketoactam 1 in refuxng ODCB. 

which can be trapped to produce organic 
derivatives of C,,N (19).  W e  are currently 
investigating the chemical reactivity, physi- 
cal properties, and possible applications of 
this intriguing first member of the class of 
heterof~~llerenes. 
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A Stable High-Index 
Surface of Silicon: Si(5 5 12) 

A. A. Baski, S. C. Erwin, L. J. Whitman* 

A stable high-index surface of silicon, Si(5 5 12), is described. This surface forms a 2 x 1 
reconstruction with one of the largest unit cells ever observed, 7.7 angstroms by 53.5 
angstroms. Scanning tunneling microscopy (STM) reveals that the 68 surface atoms per 
2 X 1 unit cell are reconstructed only on a local scale. A complete structural model for 
the surface is proposed, incorporating a variety of features known to exist on other 
stable silicon surfaces. Simulated STM images based on this model have been com- 
puted by first-principles electronic-structure methods and show excellent agreement 
with experiment. 

A s  the  basis for a multibillion-dollar indus- 
try, the  surfaces of silicon are the most 
widely studied of all semiconductors. De- 
spite such scrutiny, only three stable surfac- 
es of clean silicon have generally accepted 
structural models: the  well-known lo&,- 
Miller index (001) and ( 1  11) planes and 
the high-index (113) plane (1-3). As is 
common for co\ralently bonded materials, 
all of these clean surfaces reconstruct in 
order to reduce the  energy associated with 
their surface dangling bonds. O n  Si(001),  
the  surface atoms pair up as dimers to form 
a 2 X 1 reconstruction. O n  Si(1  1 1 ) ,  a num- 
ber of different reconstructions are ob- 
served, including the  metastable 2 x 1 
structure with the  top two surface layers 
rearranged into 7-bonded chains (observed 
o n  a cleaved surface), and the  equilibrium 
7 X 7 structure with a Inore coinplicated 
dimer-adatom-stacking fault IDAS) struc- 
ture (observed after c;oling froin high tem- 
peratures). High-index Si(113),  a surface 
consisting of alternating rows of atoms with 
(001) and (1 11) orientation, is stabilized by 
a 3 x 2 reconstruction co~nvosed of re- 
bonded and dimerlike step edge atoms. Sub- 
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strates oriented to (1  l o ) ,  (331),  and (015) 
also appear to have stable surfaces, but their 
structures have not been well established 
(4-7). 

Although Si(001) is the dominant sub- 
strate for electronic device fabrication, high- 
index surfaces are being investigated as pos- 
sible substrates for specialized applications 
(8-10). A n  ideally structured high-index 
surface (that is, bulk-terminated) would con- 
sist of a periodic array of low-index terraces 
separated by steps of monatomic height. 
Such a surface would nrovide a natural tem- 
plate for the growth of one-dimensional 
structures (8) and high-quality heteroepi- 
taxial films (9 ,  10).  However, the actual 
surface lnorphologies o n  high-index surfaces 
are usuallv not ideal, because of the influ- 
ence of surface reconstructions, step and 
kink energies, and step-step interactions. In  
~enera l .  these surfaces inav consist of a dis- 
tribution of low-index terraces separated by 
variable-height steps or step bunches, or in 
the extreme case, inay break up (facet) into 
planes of different orientations (1 1) .  

Whereas Si  surfaces tilted only a few 
degrees away froin (001) and ( 1  11) have 
been well characterized, less is known about 
high-index surfaces tilted farther away from 
these planes. Given the  established stability 
of Si(113),  which is oriented nearly midway 
between (001) and ( I l l ) ,  high-index sur- 
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