the frost bacterium Pseudomonas syringae.
Its ice-nucleating ability arises from pro-
teins bearing a sixfold repetition of octapep-
tide building blocks. As pointed out by
Green and Warren (4) and Mizuno (32),
one may construct molecular models with
these octapeptides with lattice (but not
structure) symmetry to match the hexago-
nal lattice of ice. In line with the theme of
this report, we propose that the helix dipole
moment of the octapeptide moiety may play
a.role for induced freezing in the pockets
between helices of polar arrangement.
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Metallo-Carbohedrenes: Formation of
Multicage Structures

S. Wei, B. C. Guo, J. Purnell, S. Buzza, A. W. Castleman, Jr.*

An unusual structural growth pattern has been found in the system of Zr, C,, in which
multicage structures are formed. The experimental evidence shows that the first cage
closes at Zr,C, ,. Surprisingly, subsequent cluster growth does not lead to the enlargement
of the cage size as it usually does in the case of pure carbon clusters and water clusters,
for example. Rather, multicage structures are developed, that is, a double cage at Zr, ,C,,
and Zr,,C,, .5 a triple cage at Zr,,C,o, and a quadruple cage at Zr,,C,,. This feature
distinguishes the class of metallo-carbohedrenes from the regular doped fullerenes.

Recent studies have revealed the existence
of a general class of materials, referred to as
metallo-carbohedrenes, which have shown
prominent species corresponding to the
composition MgC,,, M being Ti, V, Zr,
and Hf (I, 2). A cage-like pentagonal
dodecahedron structure was proposed to
account for their exceptional stability. We
report further evidence supporting this
cage-like structure, namely that cluster
growth proceeds through the formation of
multicage structures. Our new studies of
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clusters comprised of Zr, C, show that the
first complete cage (Fig. 1A) closes at
ZrgC,,; subsequent attachment of metal-
carbon units Jeads to the completion of
double-cage structures (Fig. 1B) formed at
Zr5C,, and Zr,C,,,;, whereas a triple
cage (Fig. 1C) is developed at Zr,;C,, and
a quadruple cage at Zr,,C;5 (Fig. 1D).
The apparatus used in these experiments
is a reflectron time-of-flight (TOF) mass
spectrometer coupled with a laser vaporiza-
tion source. Metal-carbon clusters are pro-
duced through plasma reactions between
metals and various small hydrocarbons (1,
3), and the neutral clusters formed into a
molecular beam are then ionized by an



Nd:YAG laser. The photoions are acceler-
ated in the TOF lens region and detected by
a microchannel plate detector. A typical
TOF mass spectrum obtained through pho-
toionization of Zr,,C, at 532 nm is shown in
Fig. 2; ZrgC,, [the (8,12) peak] is the most
abundant peak in the spectrum.

A careful examination of the mass spec-
trum reveals the presence of four distinct
intensity groups, each of which displays
truncation of intensity levels. One group
encompasses the peaks corresponding to
(8,12) and includes the three preceding
peaks [the second peak labeled (a) being
(6,10)]. An abrupt intensity drop after
(8,12) gives rise to a second group com-
prised of six peaks [(9,16), (10,17),
(11,19), (12,20), (13,22), and (14,23)].
The third group contains (15,25), (16,26),
(17,28), and (18,29), and the fourth
(19,31), (20,32), (21,34), and (22,35).
Reproducible truncation occurs at (8,12),
(14,23), (18,29), and (22,35). The trunca-
tions are indicative of structures of special
stability and are consistent with cage clos-
ings leading to multicage structures as dis-
cussed below. Extensive investigations

show that these features do not change
under different experimental conditions, for
example, over a range of ionization laser
powers (from 107 to 10'! W/cm?), at differ-
ent laser wavelengths (266, 355, 532, and
1064 nm), and with a variety of hydrocar-
bons as reactant gas (CH,, C,H,, C,H,,
C,H, and C;Hy). The enhanced intensi-
ties of peak (a) (6,10) and peak (b) (10,17)
are not always the same under different
experimental conditions. In fact, in TOF-
reflectron studies we find they exhibit ap-
preciable metastable decay, showing that
they are not magic numbers or stable spe-
cies. Changes in their relative intensities
can be accounted for in terms of the forma-
tion processes that will be discussed else-
where (3).

The intensity anomalies (magic num-
bers) seen in the mass spectrum of clusters
reflect their stabilities (4). Magic numbers
do not always become manifested as prom-
inent peaks, but more typically as a discon-
tinuity, that is, a sudden intensity trunca-
tion in an otherwise smoothly varying dis-
tribution, which is indicative of the forma-
tion of clusters of unusual stability (such as

Fig. 1. (A) A proposed cage-like pentagonal dodecahedron structure of MgC,,. The metal atoms are
represented in purple and the carbon atoms are represented in green. (B) A proposed double-cage
structure of M,,C,,. Note that when one of the 14 metal sites (purple) is occupied by one carbon
atom, that is M,5C,,, the structure is also very stable. Two additional carbon atoms can form a
pentagon through bridging between metal sites on two balls, leading to M,,C,5. (C) A proposed
triple-cage structure of M,4Cs. (D) A proposed quadruple-cage structure. Note that other
arrangements of the metal and carbon atoms are possible and that the structures are idealized, that
is, no attempt is made to represent the sizes of the atoms or the bond lengths. However, the weaker

metal-metal compared to metal-carbon-bonded arrangements are excluded.
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(8,12)

(18,29)

(a)

(22,35)

INTENSITY

(b)

(13,22)

1000 2000 3000
MASS (amu)

Fig. 2. A typical mass spectrum of Zr.C,. For
simplicity of presentation, only the magic num-
bers are labeled as (m,n). The peaks labeled (a)
and (b) are (6,10) and (10,17), respectively. These
two peaks are not magic numbers as discussed
in the text. The magic number at (8,12) marks the
closure of the first cage-like structure, (13,22) and
(14,23) indicate formation of a double-cage struc-
ture, whereas (18,29) and (22,35) reveal the clo-
sure of triple-cage and quadruple-cage struc-
tures. Other minor features can also be explained
on the basis of partial closing of the cage (3).

(14,13)

INTENSITY

3000 5000 7000 9000
MASS (amu)
Fig. 3. A typical mass spectrum of Ta_ C,.
Magic numbers at (14,13), (18,18), (24,24),
(32,32), (40,40), and (50,50) are indicative of
cubic structures with close packing of 3 x 3 x
3,3 Xx3%x43%x4x44x4x%x44x4x%x5,
and 4 x 5 x 5, respectively.

11000

819



closed-shell structures). In the present case,
the magic number (8,12) observed in Fig. 2
is consistent with the closing of a cage-like
pentagonal dodecahedron structure (Fig.
1A) (I). As for the subsequent growth of
larger cluster sizes, there are two possibili-
ties whereby the structure can rearrange to
accommodate more atoms: (i) the breaking
of pentagon rings and the formation of hexa-
gon rings, as in the case of pure carbon
clusters and water clusters, for example, and
(i) the addition of extra metal-carbon atoms
to the basic unit, with the subsequent for-
mation of multicage structures. In the case of
pure carbon clusters, it is well known that an
exceptionally stable cage exists with a total
of 60 carbons, with other stable clusters
involving different combinations of penta-
gons and hexagons (5). Likewise, for the
system of water clusters, a pentagonal
dodecahedron structure forms with 20 water
molecules, whereas larger ones (such as 24
water molecules form a cage that consists of
2 hexagons and 12 pentagons) account for
the observed magic number patterns (6).
These structures cannot explain any of the
magic numbers observed in the large cluster
sizes of Zr, C,. However, multicage struc-
tures (discussed below) can account for all of
our observations.

A completed double-cage structure is
shown in Fig. 1B. A minimum of 35 atoms
is required to construct the double cage, in
accordance with the magic number at
(13,22). For this combination, one of the
possible metal positions, in Fig. 1B, is
occupied by a carbon atom. In order to
explain the magic number at (13,22) and
the truncation at (14,23), the formation
mechanism must be considered. As dis-
cussed in our earlier reports (I, 2), the
(8,12) species is very stable due to its lack
of reactivity or growth, but the (8,13) and
(8,14) species do exist and correspond to
species with carbons on the periphery of the
cage. These are identified as the origin of
the multicage structures; growth by (1,2)
and (2,3) additions (3) leads to formation
of the (13,22) peak. Direct additions of
(2,3) units lead to the (14,23) peak. The
latter is a completed double-case structure
having two additional carbons bridging be-
tween two metal sites, thereby closing an-
other pentagon. Preliminary metastable
studies reveal that these two carbons are
relatively weakly bonded and are not mem-
bers of the complete double cage (14,21)
shown in Fig. 1B. Closed triple-cage (Fig.
1C) and quadruple-cage structures (Fig.
1D) require a minimum number of atoms
corresponding to 47 and 57, respectively, in
agreement with the experimental findings
that magic numbers at (18,29) and (22,35)
are observed in the mass spectrum.

It is instructive to compare and contrast
these findings with another metal-carbon
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system that builds through the formation of
cubic clusters. A typical TOF mass spectrum
of Ta,C, clusters is shown in Fig. 3. A
completely different magic number pattern
exists for this system. All of the magic
numbers at (14,13), (18,18), (24,24),
(32,32), (40,40), and (50,50) are consistent
with cubic structures (7) that have closed
packingsof 3 X 3 X 3,3 X 3 X 4,3 X4X
4,4 X4X4,4x4x%x5,and4 x5 x5.
The failure to observe similar patterns in
clusters Zr, C, implies that the cubic struc-
tures do not exist in this system, but rather,
the cage-like structures are responsible for
the magic numbers of metallo-carbohe-
drenes. Hence, while it might be suggested
that a cubic structure with 8 metals at the
corners and 12 carbons connecting in be-
tween could also explain the magic peaks we
find at (8,12), such an explanation is not
compatible with the growth mechanism of
the metallo-carbohedrenes, nor could it ac-
count for the very definitive pattern seen for

the development of multicage structures.
This growth mechanism distinguishes the
metallo-carbohedrenes as an unusual class of
cluster materials.
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UV Spectrum and Proposed Role of Diethylberyllium
in a “Li-’Be Solar Neutrino Experiment

P. Dyer

Although measurement of the solar neutrino flux via the “Li(v,,e ~)”Be reaction was pro-
posed many years ago, no experiment has been implemented since it has been difficult
to identify a sensitive 7Be detection technique. Here it is proposed that the "Be atom be
incorporated into a volatile molecule, placed in a buffer-gas—filled cell, and then extracted
by photodissociation; after excitation by a tunable laser, bursts of photons would be
detected. The absorption spectrum of the molecular candidate diethylberyllium has been
measured between 186 and 270 nanometers in a spectrophotometer to determine the
required photodissociation laser wavelength and intensity.

T'he solution to the long-standing discrep-
ancy between the calculated flux of the
standard solar model and the smaller mea-
sured fluxes of the chlorine detector in the
Homestake mine (I) and of the Kamio-
kande II water Cerenkov detector (2) may
lie in the solar model or may have its roots
in new neutrino physics. With results from
the Soviet-American gallium experiment
becoming available (3), there is increasing
speculation that new physics may be re-
quired. As the neutrino spectrum would be
different depending on whether solar model
corrections or new physics is required, it is
necessary to perform a number of comple-
mentary measurements with detectors hav-
ing a range of energy thresholds.

A proposed measurement of the solar
neutrino flux with a “Li detector, via the
"Li(v,,e”)"Be reaction, has been discussed
for over 25 years (4, 5). Lithium is a first-rate
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detector choice: it is cheap, the rate of
neutrino events per ton is high, the neutrino
energy threshold (862 keV) is relatively low,
and the neutrino absorption cross sections
can be calculated accurately. Techniques for
extracting the "Be atoms from the lithium
target have been developed, and a 1/100
scale model, with 2000 liters of 12 M lithium
chloride, has been tested at Brookhaven
National Laboratory, showing that it is pos-
sible to extract 100 pg of natural beryllium
efficiently (6). Sources of background from a
particles, neutrons, and cosmic rays were
also studied. An experiment using metallic
lithium is under development (7).

What has been lacking thus far is a means
for efficiently detecting the few “Be atoms
that would be produced by solar neutrinos.
This nucleus has a half-life of 53 days and
would be extremely hard to detect in small
quantities by nuclear decay. The "Be nucleus
decays 90% of the time to the ground state of
"Li, producing Auger electrons with energy
of only 50 eV, and only 10% of the time to






