
tion spectrum), yet it dominates the excited- 
state properties. It has a broad emission band 
without any detectable vibronic structure 
even at 6 K. All of these properties are 
characteristic of a charge-transfer state. 
Questions about the nature of this excited 
state and how it evolves with increasing 
cluster size remain to be addressed. 

Finally, the solubility of this new crystal- 
line cluster may be used in the production of 
polymer films, such as polyvinylcarbazole, 
doped with the CdS cluster simply by spin- 
coating from a pyridine solution. Such films 
have been found to exhibit good ohotocon- " L 

ductive properties (IO), which points to a real 
utilitv for such soluble semiconductor clusters 
in the preparation of materials that go into 
electronic devices made for this and other 
thin-film applications. 
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Stable Compounds of Helium and Neon: 
He@C,, and Ne@C, 

Martin Saunders, Hugo A. Jimenez-Vazquez, R. James Cross, 
Robert J. Poreda 

It is demonstrated that fullerenes, prepared via the standard method (an arc between graphite 
electrodes in a partial pressure of helium), on heating to high temperatures release 4He and 
3He. The amount corresponds to one 4He for every 880,000 fullerene molecules. The 3He/4He 
isotopic ratio is that of tank helium rather than that of atmospheric helium. These results 
convincingly show that the helium is inside and that there is no exchange with the atmosphere. 
The amount found corresponds with a prediction from a simple model based on the expected 
volume of the cavity. In addition, the temperature dependence for the release of helium implies 
a barrier about 80 kilocalories per mole. This is much lower than the barrier expected from 
theoryfor helium passing through one of the rings in the intact structure. A mechanism involving 
reversibly breaking one or more bonds to temporarily open a "window" in the cage is proposed. 
A predicted consequence of this ,mechanism is the incorporation of other gases while the 
"window" is open. This was demonstrated through the incorporation of 3He and neon by heat- 
ing fullerene in their presence. 

A n  intriging feature of buckminster- 
fullerene is the hollow interior, which is 
large enough to enclose atoms. In contrast 
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with other molecules that bind ligands 
through noncovalent forces, buckminster- 
fullerene and its higher homologs are like 
closed bottles. Atoms or small molecules 
can be contained and held without need for 
binding interactions. Smalley et al. have 
reported the preparation of metallo- 
fullerenes (I) .  Although there was early 

discussion about whether the metals might 
be covalentlv attached to the outside (2) .  , , .  
the present evidence indicates that there 
are metal atoms inside the carbon cages 
(3-6). Cram et al. (7) have suggested the 
name carcerands for closed-surface com- 
pounds that trap atoms and molecules in- 
side. Schwarz et al. have reported that 
collisions of C,, cations with 4He and 3He 
in a mass spectrometer produce ions which 
have the additional mass of helium (8, 9). 
In order to provide evidence that the heli- 
um is inside, the ions were neutralized and 
then reionized with a four-sector tandem 
mass spectrometer. Helium retention was 
interpreted as indicating that the helium 
was inside (10). It would be extremely 
difficult to recover macroscopic quantities 
of fullerenes containing helium or other 
rare gas atoms after formation of such ions 
in a mass spectrometer. 

How then could one prepare quantities 
of buckminsterfullerene containing helium? 
We considered the possibility that this had 
already been done. The common method of 
preparing bulk quantities of the fullerenes 
involves operating an arc between graphite 
electrodes in helium at about 150 torr. As 
each molecule closes, there is a chance that 
a helium atom wiu end up inside. How 
could one detect this helium? If enough 
were present, one might see it directly in 
the mass spectrum of buckminsterfullerene. 
However, the ion with four 13C atoms (and 
no helium) will generally be present. This 
ion has a mass so similar .to the ion with no 
13C but with 4He that onlv extremelv high . - 
resolution would resolve them. If only a 
small quantity were present, it would not be 
seen. 

Helium itself can be detected with ex- 
tremely high sensitivity in a mass spectrom- 
eter. One of us (R.J.P.) has been using an 
instrument designed' to measure helium - 
content in geological samples (I I). A sam- 
ple, after evacuation is heated to high 
temperature in an all-metal furnace and the 
released gases are analyzed. Helium and 
neon were measured with a VG 5400 noble 
gas mass spectrometer fitted with a 
Johnston electron multiplier with pulse- 
counting electronics on the axial collector 
[see (I I) for details]. A resolution of 550 
(Amlm) achieved complete baseline separa- 
tion of 3He+ from HD'. A "high side" 
Faraday cup with a resolution of 200 was 
used for the 4He measurement. Absolute 
abundances of 3He. 4He. and "Ne were 
calculated by peak height comparison to an 
air standard of known size (0.101 cm3 
standard temperature and pressure) and are 
accurate to *3%. A split of the gas was also 
measured for 40Ar abundance on a Dvcor 
quadrupole mass spectrometer by peak 
height comparison with the air standard. 
The small amount of 'lNe in all tempera- 
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Table 1. Mass spectrometric analysis of fullerenes 

Heating Temper- 4He ""Ne 40Ar 3He 
time ature (x10-~ (XIO-~ (x 1 0-6 (x 1 0-l2 
(rnin) ("c) crn3) crn3) crn3) crn3) 

Commercial sample (40 mg) 
0.2 10.02 6 
1 <0.03 19 
4.7 0.04 12 
9.6 0.03 10.2 
26 0.03 <0.2 
31 0 <0.02 <O.l 
950 <0.02 10.1 
90 <0.02 10.1 

Heated with 3He at 600°C for 1 hour (14 pg) 
10.1 <0.01 0.006 
0.2 10.01 0.006 
2.0 0.04 0.01 2 
2.2 0.59 0.041 
0.5 0.23 0.062 

Heated with neon at 600°C for 1 hour (22 mg) 
0.4 <0.02 0.01 
1.2 0.45 0.02 
8 0.87 0.02 

113 4.04 0.02 
72 1.65 0.02 
39 0.35 0.02 
3.9 0.08 0.02 

ture steps (3 X 10-" cm3) is equivalent to 
the average extraction blank. This provides 
a limit on possible contamination by air. 
Average blank levels are 1 x 10-lo cm3 for 
'He and 2 x 10-l6 cm3 for 3He. 

When 40 mg of a commercial sample 
(12) of C,, (containing about 10% C7') 
was heated in steps, 1.4 x cm3 of 
helium was measured, most of it appearing 
from 780" to 850°C (Table 1). This is 
equivalent to one molecule of He@C6, for 
every 880,000 molecules of fullerene. Heli- 
um-3 could also be measured (3.5 x 10-l3 
cm3) in the same experiment. The 3He/4He 
isotopic ratio corresponds to tank helium 
(2.1 x lop7) rather than to atmospheric 
helium (1.4 x The helium must 
therefore have been introduced when the 
fullerene was made and cannot have ex- 
changed with helium from the atmosphere. 
A small amount of 40Ar (3.7 x lop5 cm3) 
was released at low temperature (200" to 
350°C). The high temperature steps 
(>500"C) had Ar at blank levels (1 x 
cm3). We conclude that the argon is ad- 
sorbed in the solid, outside of the fullerene 
molecules, while the helium is inside them. 
Argon comprises 0.9% of the atmosphere in 
contrast to helium (5.2 ppm) and is a much 
stickier atom. 

One might assume that the average con- 
centration of helium inside the cavity when 
the last bond closes to create a fullerene is 
about the same as that in the gas outside 
(1.2 x 10" atoms cm-3 corresponding to 
150 torr at around 1000°C). The average 
number of helium atoms per fullerene 
should therefore be the volume of the cav- 
ity times the concentration of helium in the 

gas. Using this idea and the measured abun- 
dance of helium inside, one obtains a free 
volume equal to that of a sphere of diameter 
1.2 A. Although the diameter of buckmin- 
sterfullerene is 7 A, one must subtract the 
size of the carbons to get the size of the 
hole. With a van der Waals radius of 1.7 A 
for carbon one calculates a 3.6 A cavity. 
Because the helium also must be considered 
to have effective size, the free volume (lo- 
cations oossible for the helium nucleus) will 
be reduced by the volume of the helium 
atom. The agreement of the amount of " 

helium found with that expected from this 
crude, hard-sphere model is good, perhaps 
fortuitously so. 

The release of helium from fullerene is 
strongly dependent on temperature (Table 
1). The data for release of 4He yield an 
Arrhenius activation energy of approxi- 
mately 80 kcal mol-'. Theoretical barriers 
for helium to penetrate the benzene rings of 
a fullerene are around 200 kcal mol-' (13. 

\ ,  

14). The thermal release cannot occur via 
the ring penetration route. Any process 
that opens the fullerene cage would permit 
the helium to escape. There are two cate- 
gories of mechanism that can be consid- 
ered. Opening could be followed by subse- 
quent (perhaps intermolecular) steps irre- 
versibly leading to some form of degraded 
fullerene. However. if the initial ooening - 
occurs by breaking one (or perhaps two) 
bonds, the fullerene might well reform by 
closing the opened bond after the helium 
gets out. Such bond-opened species have 9- 
or 10-membered rings (12-, 13-, or 14- 
membered rings if two bonds break). We 
expect these rings to be large enough for 

atoms to pass in or out. One might call this 
possibility a "window" mechanism. (The 
window opens and then recloses.) An im- 
portant consequence of a window mecha- 
nism is the possibility of an atom coming in 
as well as going out when the window is 
open. 

If one bond breaks, a singlet diradical 
should be formed. The rate of its reclosure 
could compete with the rate for atoms to 
either leave or enter. However, intersystem 
crossing to a triplet might provide a species 
with a long enough lifetime so that atoms 
can go in and out, achieving equilibrium 
before an ultimate return to closed 
fullerene. If the latter mechanism is fol- 
lowed, the rate of atom escape should be 
equal to the rate of going to this triplet. 
The rate for atoms to enter, in any event, 
must be slower by a factor equal to the 
fraction of molecules occupied at the ambi- 
ent pressure and temperature at equilibri- 
um. 

To test this window possibility, we 
sealed fullerene in a fused silica tube with 
one atmosphere of pure 3He and heated it at 
600°C for 1 hour which increased the pres- 
sure to three atmospheres. The product was 
dissolved in toluene, filtered, and evaporat- 
ed to dryness. A spa11 amount of it (10 to 
20%) did not dissolve. Remaining solvent 
was removed in a vacuum line. A small 
sample was made by dissolving a weighed 
amount in toluene and using a small por- 
tion of this solution so that only 14 yg of 
the original material was introduced into 
the instrument. The quantity of 3He re- 
leased from it was 6.7 x I@-" cm3. How- 
ever, the amounts of 'He, "Ne, "Ne, and 
40Ar were so low, relative to the blanks 
(owing to slight leaks or gases emitted from 
the oven and sample container), that ob- 
taining accurate values was not possible. 
The amount of 3He released per milligram 
was 5,400,000 times greater than that of 
the original material. This corresponds to 
one atom for every 650,000 buckyballs. 
The temperature profile for the 3He release 
was similar to that found for the original 
fullerene, providing strong evidence that 
the 3He was inside rather than somehow 
bound to the exterior. 

In a similar manner, fullerene was heat- 
ed with three atmospheres of neon at 600°C 
for an hour. Heating 22 mg of the recovered 
fullerene yielded 7.4 x cm3 of lZNe. 
(lONe measurements are affected by inter- 
ference by the doubly charged cation of 
''Ar.) With the normal isotopic ratio, this 
would be 8 x 10-a cm3 of total neon. This 
corresponds to one neon atom for every 
8,500,000 buckyballs. Most of the neon 
came out in the same 700" to 900" range 
required to release helium, so it must have 
been inside the cavity. 

The results presented here constitute 

SCIENCE VOL. 259 . 5 MARCH 1993 



compelling evidence that helium is trapped 
within the cavity of fullerenes during nor- 
mal preparation. The amount released on 
heating in a mass spectrometer is in accord 
with the idea that the probability of trap- 
ping is the product of the size of the cavity 
times the density of helium in the gas at the 
time the last hole closes. The release of 
helium occurs at temperatures far lower 
than those expected for a process where 
helium goes through a ring of the intact 
fullerene structure. Strong evidence for a 
mechanism where one or more bonds re- 
versibly break to open a "window" allowing 
atoms to pass in or out is provided by 
demonstrating that 3He and neon can be 
incorporated into fullerene by heating in 
their presence. To the best of our knowl- 
edge, no other stable compounds of helium 
or neon have previously been reported. 
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On the Application of the Minimal Principle to 
Solve Unknown Structures 

Russ Miller,* George T. DeTitta, Rob Jones, David A. Langs, 
Charles M. Weeks, Herbert A. Hauptman 

The Shake-and-Bake method of structure determination is a new direct methods phasing 
algorithm based on a minimum-variance, phase invariant residual, which is referred to as 
the minimal principle. Previously, the algorithm had been applied only to known structures. 
This algorithm has now been applied to two previously unknown structures that contain 105 
and 110 non-hydrogen atoms, respectively. This report focuses on (i) algorithmic and 
parametric optimizations of Shake-and-Bake and (ii) the determination of two previously 
unknown structures. Traditional tangent formula phasing techniques were unable to un- 
ravel these two new structures. 

T h e  Shake-and-Bake orocedure (1, 2) has . .  , 

been designed and implemented on a vari- 
ety of computing platforms for the purpose 
of determining crystal structures by means 
of minimizing a recently proposed minimal 
function (2-5). The focus of this report is 
on: (i) algorithmic and parametric optimi- 
zations we have made to the basic algorithm 
(I ) ,  based on successful applications of 
Shake-and-Bake to 14 known structures 
over six space groups, ranging from 25 to 
127 non-hydrogen atoms in the asymmetric 

R. Miller, G. T. DeTitta, D. A. Langs, C. M. Weeks, H .A .  
Hauptman, The Medical Foundation of Buffalo, 73 
High Street, Buffalo, NY 14203. 
R. Jones, Thinking Machines Corporation, 245 First 
Street, Cambridge, MA 02142. 

*To whom correspondence should be addressed. 
Currently on sabbatical. Permanent address: Depart- 
ment of Computer Science, State University of New 
York at Buffalo, Buffalo, NY 14260. 

unit cell, and (ii) the application of this 
modified algorithm to solve two previously 
unknown structures. In particular, the al- 
gorithmic and parametric optimizations we 
present were guided   re dominantly by the 
experimentation on three known struc- 
tures, namely, the 28 non-hydrogen atom 
9a-methoxycortisol ( 6 ) ,  the 84 non-hydro- 
gen atom isoleucinomycin (7) ,  and the 127 
non-hydrogen atom isoleucinomycin ana- 
log (8) - 

The two previously unknown structures 
solved by our algorithm are two polymor- 
phic forms of a cycloheptapeptide, terna- 
tin(1) , a 110 non-hydrogen atom structure 
( 9 ) ,  and ternatin(II), a 105 non-hydrogen 
atom structure (1 0) - 

The minimal function has not been 
applied previously to an unknown complex 
structure. A considerable effort to solve the 

ternatin(1) structure by traditional tangent 
formula methods proved unsuccessful. A p  
proaches taken included the testing of 
-50,000 randomly generated phase sets 
(I 1) as well as an additional 500,000 per- 
muted phase sets. Molecular replacement 
(12) was also invoked, but the models 
considered were constructed with seven 
L-amino acids. and as it turns out. the 
structure was later found to contain three L- 
and four D-confieuration amino acids. IDe- " 

tails of the two new structures are given in 
(13).] It remains to be demonstrated 
whether these two structures could have 
been as easily determined by several other 
new promising techniques that are current- 
ly being developed, including the Sayre 
equation tangent formula (14), phase an- 
nealing (1 5), and low-density elimination 
(16). In any event, the Shake-and-Bake 
algorithm was able to determine each struc- 
ture in -70 min of CPU time on a Con- 
nection Machine CM-5. 

A general introduction to the crystallo- 
graphic phase problem is given in Box 1. 
We have recently proposed that a particu- 
larly simple function of the phases takes on 
its constrained minimal value for the cor- 
rect set of phases. A brief review of the 
minimal principleis given in Box 2. The 
minimal principle states that R(P) < R(S) 
for N atom structures S # P (the given 
structure). In other words, among all phases 
d~ that satisfv the necessarv identities, those 
dorrespondiAg to the true'structure P, min- 
imize R(4). Inspection of the minimal 
function R shows it to be a weighted sum of 
squares of residuals, that is, the differences 
between cosines and their expected values, 
the ratios of the Bessel functions Illlo. The 
known conditional orobabilitv distributions 
of the triple THK, given the three magni- 
tudes IEI of Eq. 4, and the known condi- 
tional distributions of the quartet QLMN of 
Eq. 5, lead directly to the expected values 
of the corresponding cosines, I1 (AHK)/ 
Io(AHK) and 11 (BLMN)I~O(BLMN) 9 respec- 
tively. In addition, these same distributions 
show that the reciprocals of their variances 
are strongly correlated with AHK and 
IBLMNI, respectively. Thus, in analogy with 
the principle of least squares, the minimal 
orinciole. which attemots to minimize the 

L ,  

weighted sum of squares of resfduals, Eq. 1, 
becomes plausible. Furthermore, it can be 
shown rigorously that the values of R($), 
when the phases are set equal to their true 
values for anv choice of origin and enanti- u 

omorph, are indeed smaller than the values. 
of R(4) when the phases 4 are chosen "at 
random." 

Although a number of standard minimi- 
zation techniques exist, including simulated 
annealing (1 7) and genetic algorithms 
( la) ,  such techniques are targeted at min- 
imization with respect to the range of a 
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