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1). Changing T in turn affects the well depth
and thus T*, and a transition from the repulsive
glass (lower temperatures) to the attractive glass
(higher temperatures) is triggered. In Fig. 2B,
we see two distinct sets of resolution-limited
peaks, with the one for the repulsive glass high-
er than the one for the attractive glass. Thus, we
can conclude that the repulsive glass is better
ordered locally than the attractive glass. At � �
0.544 (Fig. 2C, the A3 point), we see that the
two sharp peaks merge into one sharp peak
independent of temperature, signifying that
the local structures of the two glasses become
identical. Increasing � further to 0.546 (Fig.
2D), the situation remains the same as in the
previous volume fraction. This is proof that
the MCT predictions are accurate.

Photon correlation spectroscopy was
used to investigate the predicted dynamical
singularity at the A3 point. In Fig. 3, inter-
mediate scattering functions (ISFs) mea-
sured at k � 0.00222 Å�1 and at the same
four different volume fractions as before
are shown as a function of temperature. In
Fig. 3A, the ISF measured in an ergodic
state exhibits a logarithmic relaxation (in-
dicated by a straight-line fit) at intermedi-
ate times followed by a power-law decay
before the final � relaxation, in agreement
with MCT. The nonergodic state (T � 300
K), which has a finite plateau at long times
as indicated by the ISF, represents the at-
tractive glass for which the Debye-Waller
factor (DWF, the height of the plateau) is
about 0.5. Upon increasing � to 0.542 (Fig.
3B), we see that all the ISFs can be grouped
into two distinct sets of curves having two
different values of DWF: one at 0.5 (attrac-
tive glass) and the other at 0.4 (repulsive
glass). ISFs in Fig. 3, C and D, indicate that
at A3 and beyond, the DWF of the two
glassy states become identical. This is
proof of the existence of the A3 singularity
in the phase diagram occurring at exactly
the predicted volume fraction. It is, howev-
er, worth noting that at A3 and beyond, the
intermediate-time relaxations (the � relax-
ation region) of the two glassy states are
clearly different in spite of the fact that the
long-time relaxation becomes identical.

We used photon correlation spectroscopy
to verify that the L64/D2O micellar system
follows the phase behavior predicted by MCT
with the use of a square well potential with a
short-range attraction (ε � 0.03). In particu-
lar, we show experimentally the existence of
the A3 singularity in the predicted phase di-
agram. Our SANS experiment further shows
that although the local structures of the at-
tractive and repulsive glasses are in general
different, they become identical at the A3

singularity. It is intriguing to speculate the
extent to which one can draw the analogy
between the A3 singularity and the ordinary
equilibrium critical point.
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All-Metal Antiaromatic Molecule:
Rectangular Al4

4– in the Li3Al4
–

Anion
Aleksey E. Kuznetsov,1 K. Alexander Birch,1

Alexander I. Boldyrev,1* Xi Li,2,3 Hua-Jin Zhai,2,3

Lai-Sheng Wang2,3*

We report the experimental and theoretical characterization of antiaroma-
ticity in an all-metal system, Li3Al4

–, which we produced by laser vapor-
ization and studied with the use of photoelectron spectroscopy and ab initio
calculations. The most stable structure of Li3Al4

– found theoretically con-
tained a rectangular Al4

4– tetraanion stabilized by the three Li� ions in a
capped octahedral arrangement. Molecular orbital analyses reveal that the
rectangular Al4

4– tetraanion has four � electrons, consistent with the 4n
Hückel rule for antiaromaticity.

The stabilization of aromatic systems (1), cyclic
systems with 4n � 2 � electrons, was first
understood in organic molecules. On the basis
of these ideas, numerous inorganic aromatic
molecules have been synthesized and charac-
terized, including all-metal systems (2–7). The
concept of antiaromaticity, the corresponding
destabilization seen in cyclic systems with 4n �
electrons, was introduced by Breslow (8, 9) and

is perhaps best understood in cyclobutadiene.
However, examples of antiaromatic compounds
outside of organic chemistry do not appear to
have been reported.

We explored whether an antiaromatic all-
metallic compound could be synthesized on the
basis of an all-metal aromatic system, Al4

2– (3).
This molecule, which is stabilized by a counte-
rion such as Li�, contains two � electrons and
assumes a square shape. The reduced species,
Al4

4–, would contain four � electrons and
would take on a rectangular shape if the two
additional electrons entered a � orbital.

We used a laser vaporization source to
make such a species stabilized by Li� in the
form of Li3Al4

–, and then studied it with
anion photoelectron spectroscopy (10–12).
We made the Li3Al4

– clusters with an Al-Li
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alloy target and measured its photoelectron
spectra at several photon energies (Fig. 1)
(12). Aluminum and lithium form a strong
alloy (AlLi) that makes ideal targets for laser
vaporization. The high lithium content in the
alloy allows LixAly

– clusters to be produced
with a wide range of Li stoichiometry (12).
The photoelectron spectra of size-selected
Li3Al4

– exhibit four major detachment fea-
tures (X, A, B, and C) and three weak features
(a, b, and c). The vertical electron detachment
energies of these features were measured
from the peak maxima (Table 1) and com-
pared to the results of ab initio calculations,
as discussed below.

We performed ab initio calculations on a
wide variety of structures for Li3Al4

– in
search of the global minimum using three
different theoretical methods (13, 14). We
found five isomers for the Li3Al4

– species
lying very close to each other near the energy
global minimum (Fig. 2, B to F). At the
B3LYP/6-311�G* level of theory (13), the
most stable structure was the “fork” structure
(Fig. 2D). However, at our highest level of
theory, CCSD(T)/6-311�G(2df ) (13), the
most stable structure was the capped octahe-
dral singlet structure (Fig. 2B) with the four
low-lying isomers in the following order: the
capped octahedral triplet structure (Fig. 2C),
the “fork” singlet structure (Fig. 2D), the
“hood” singlet structure (Fig. 2E), and the
“scooter” singlet structure (Fig. 2F). Numer-
ous other isomers were also located for
Li3Al4

– (fig. S1), but at all levels of theory
they have higher energies than the five low-
lying structures shown in Fig. 2. The ground
state of Li3Al4

– indeed has a rectangular Al4
framework; the distortion from a perfect rect-
angular Al4 is caused by the asymmetric cap-
ping of the third Li atom. We calculated the

structure of the neutral Li4Al4 cluster (Fig.
2A) and found that it indeed contains an ideal
rectangular Al4 framework, as expected. This
cluster has been studied with molecular dy-
namics within the framework of density func-
tional theory (15). A similar capped octahe-
dron was obtained, but the four Al atoms
were shown to form a rhombus, unlike the
current results, where Al atoms form a perfect
rectangular framework.

To facilitate comparisons with the experi-
mental data, we further calculated the low-lying
vertical detachment energies for the five
Li3Al4

– isomers (Table 1). We obtained an
excellent agreement between the first five ver-
tical detachment channels calculated for the
ground-state structure (Fig. 2B) and the four
major experimental peaks (X, A, B, and C). The

calculated detachment energies from the 3a�
and 2a	 orbitals are very close and should cor-
respond to the band C, which is relatively broad
(Fig. 1). Ab initio calculations predict that there
are no one-electron detachment channels be-
tween 3.0 and 6.3 eV, consistent with the ab-
sence of any major peaks beyond 3 eV in the
Li3Al4

– spectrum at 193 nm (Fig. 1B). The
other three low-lying singlet isomers all have a
major transition between 3.5 and 4.5 eV (Table
1) and thus can be excluded from being the
contributors to the major observed spectral fea-
tures. However, there are minor features (a, b,
and c) in the spectra of Li3Al4

–, seen more
clearly at 355 nm (Fig. 1A), that could be
attributable to impurities or to isomers of
Li3Al4

–. We could rule out contributions from
impurities because the mass selection was quite

Fig. 1. Photoelectron spectra of Li3Al4
– (A) at

355 nm (3.496 eV), (B) at 193 nm (6.424 eV).
The vertical detachment energies for the four
major detachment features (X, A, B, C) are
given in Table 1.

Fig. 2. Optimized structures of Li4Al 4 and Li3Al4
–; bond lengths in angstroms. (A) Li4Al4.

(B) Capped octahedral singlet Li3Al4
– (Cs,

1A�). (C) Capped octahedral triplet Li3Al4
– (Cs,

3A	). (D)
“Fork” Li3Al4

– (Cs,
1A�). (E) “Hood” Li3Al4

– (C2,
1A). (F) “Scooter” Li3Al4

– (C1,
1A). The structural

parameters, given in Å and degrees, are at the B3LYP/6-311�G* level of theory. The relative energies
for the isomers of Li3Al4

– are at the CCSD(T)/6-311�G(2df ) level of theory (13).

R E P O R T S

www.sciencemag.org SCIENCE VOL 300 25 APRIL 2003 623

 o
n 

M
ar

ch
 2

5,
 2

00
7 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org


clean. Thus, the minor peaks are most likely
due to the presence of minor isomers of
Li3Al4

–, consistent with the theoretical predic-
tions. The best agreement for these minor peaks
was found for the “fork” isomer (Table 1),
which is the lowest-lying singlet isomer. Con-
tributions from the two other singlet isomers
(Fig. 2, E and F) are expected to be small as a
result of their higher relative energies (16).

The rectangular framework of the Al4 frag-
ment in Li3Al4

– and Li4Al4 already hints the
presence of antiaromaticity. To provide further
evidence, we need to analyze their molecular
orbitals (MOs) and see whether they have four
� electrons, as shown in Fig. 3 (17). For com-
parison, we also present MOs of Al4

2– (Fig.
3A), which was previously shown to be a 2�

electron aromatic system (3). The highest oc-
cupied MO (HOMO) of Al4

2– (Fig. 3A) is a
completely delocalized � orbital (1a2u). It also
has two delocalized 
 MOs: the HOMO-1
(2a1g), composed of radial p-orbitals, and the
HOMO-2 (1b2g), composed of perpendicular
p-orbitals. There are no other bonding MOs in
Al4

2–, and the two pairs of 
 electrons must be
shared by the four Al-Al bonds, giving a 
 bond
order of 0.5. Thus, the Al4

2– dianion can be
considered as �-aromatic and doubly 
-
aromatic (3–7).

The MOs of Li3Al4
– and Li4Al4 are nearly

identical, even though the Al4 framework in
Li3Al4

– is slightly distorted from a perfect
rectangle as a result of the asymmetric cap-
ping by the Li atoms. The Li atoms retain

very little charge density, and the two clusters
can be viewed as Li�3Al4

4– and Li�4Al4
4–.

MOs similar to Al4
2– can be seen in Al4

4–:
The completely delocalized � MO (HOMO-
4) is considerably stabilized in Al4

4–, and the
two delocalized 
 MOs (HOMO-1 and
HOMO-2) correspond to the same set in
Al4

2– (Fig. 3A). The extra pair of electrons
enters the HOMO of Al4

4–, which is indeed a
� MO. This � HOMO of Al4

4– is bonding
within the two shorter Al-Al bonds but is
antibonding between the two pairs of Al at-
oms (Fig. 3B), resulting in the rectangular
shape and antiaromatic character of Al4

4–.
Both the � bonding patterns and the rectan-
gular shape of Al4

4– are analogous to the
prototypical antiaromatic organic molecule
cyclobutadiene, lending considerable cre-
dence for it to be an all-metal antiaromatic
species. Furthermore, the two delocalized

-bonding MOs in Al4

4– also give it charac-
teristics of 
-aromaticity (18).

The introduction of antiaromaticity helps
us to understand and characterize the struc-
ture and chemical bonding of Li3Al4

– and
completes the extension of two important
chemical concepts, aromaticity and antiaro-
maticity, into the realm of all-metal systems.
We believe that further advancement of the
aromaticity and antiaromaticity concepts into
metal territory will be of value in understand-
ing not only the properties of metal clusters
but also those of bulk metallic and alloy
systems.

References and Notes
1. Special issue on Aromaticity, Chem. Rev. 101 (no. 5)

(2001).
2. For examples, see (3–7).
3. X. Li, A. E. Kuznetsov, H.-F. Zhang, A. I. Boldyrev, L. S.

Wang, Science 291, 859 (2001).
4. A. E. Kuznetsov, J. D. Corbett, L. S. Wang, A. I. Bold-

yrev, Angew. Chem. Int. Ed. 40, 3369 (2001).
5. P. W. Fowler, R. W. A. Havenith, E. Steiner, Chem.

Phys. Lett. 342, 85 (2001).
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HOMO (4ag)

C

Fig. 3. Molecular orbital pictures. (A) Al4
2– (D4h,

1A1g); (B) capped octahedral singlet Li3Al4
– (Cs,

1A�); (C) Li4Al4 (C2h,
1Ag).
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Casting Metal Nanowires Within
Discrete Self-Assembled Peptide

Nanotubes
Meital Reches and Ehud Gazit*

Tubular nanostructures are suggested to have a wide range of applications in
nanotechnology.We report our observation of the self-assembly of a very short
peptide, the Alzheimer’s �-amyloid diphenylalanine structural motif, into dis-
crete and stiff nanotubes. Reduction of ionic silver within the nanotubes,
followed by enzymatic degradation of the peptide backbone, resulted in the
production of discrete nanowires with a long persistence length. The same
dipeptide building block, made of D-phenylalanine, resulted in the production
of enzymatically stable nanotubes.

Self-assembled nanostructures provide a key
direction for the controlled fabrication of novel
nanoscopic materials and devices. Nanotubular
structures are particularly important structural
elements because they may serve as nanowires
or nanoscaffolds (1–4). Peptide nanotubes are
especially intriguing assemblies because they
have the scope for numerous chemical modifi-
cations and allow the use of biological systems
specificity. A milestone in the production of
peptide-based nanotubes was the demonstra-
tion by Ghadiri et al. (2, 5) that a cyclic
octapeptide with alternating L and D amino
acids can form a nanotubular structure by
self-assembly. However, the peptide nano-
tubes that formed further assembled into an
array of tubes that were aligned as crystalline
microscopic structures (2, 5). Linear surfac-
tant-like hepta- and octapeptides can also
self-assemble into a network of open-ended

nanotubes, from which nanovesicles can
“bud” or “fuse” (3, 4 ). Peptide-related bis(N-
�-amido-glycylglycine)-1,7-heptane dicar-
boxylate molecules were also shown to be
assembled into tubular structures (6 ).

We observed the formation of peptide
nanotubes while studying the ability of very
short aromatic peptides (hexapeptides and
shorter) to form well-ordered amyloid fibrils
(7–9). Amyloid fibrils are the hallmark of a
diverse group of diseases of unrelated origin,
including Alzheimer’s disease, type II diabe-
tes, and prion diseases (10–15). Despite their
formation by a diverse and structurally unre-
lated group of proteins, all amyloid fibrils
share similar biophysical and structural prop-
erties. On the basis of both experiments and
theory, we recently suggested that stacking of
aromatic residues may play a key role in the
process of molecular recognition and self-
assembly that leads to the formation of amy-
loid fibrils (16 ). This proposal is in agree-
ment with the well-known role of aromatic
stacking in the formation of chemical and
biochemical supramolecular structures (17–
19). According to our suggestion, the restrict-

ed geometry and the attractive forces of the
aromatic moieties provide order and direc-
tionality as well as the energetic contribution
needed for the formation of such well-or-
dered structures. In this context, we were
intrigued to determine the molecular proper-
ties of a peptide fragment corresponding to
the core recognition motif of A�, the diphe-
nylalanine element (Fig. 1A). This motif is of
special interest, because several studies have
identified the ability of larger peptides and
conjugated organic molecules that contain
this motif to inhibit fibril formation by A�
(20–22). Some of those inhibitors are current-
ly undergoing clinical trials as potential drugs
to treat Alzheimer’s disease (23, 24 ).

Here, we sought to make the NH2-Phe-
Phe-COOH dipeptide soluble at very high
concentrations (�100 mg/ml) by dissolving
the lyophilized peptide in 1,1,1,3,3,3
hexafluoro-2-propanol. Although the peptide
appeared to be highly soluble in the organic
solvent, a rapid assembly into ordered semi-
crystalline structures was observed visually
within seconds after dilution into the aqueous
solution at a final �M concentration range.
We used dynamic light scattering analysis to
determine assembly into supramolecular
structures within minutes at the �M range.
Transmission electron microscopy (TEM)
analysis with negative staining indicated that
the peptide forms well-ordered, tubular, and
elongated assemblies (Fig. 1B). The light
shell and the dark center, as observed in Fig.
1B, suggested hollow tubular structures filled
with the negative stain, uranyl acetate. Ener-
gy-dispersive x-ray analysis (EDX) indicated
the presence of uranium within the assembled
structures (fig. S1A). Smaller structures
could also be observed by TEM analysis; we
propose that these represent smaller tubular
assemblies or fragments of the larger nano-
tubes. The persistence length of the nano-
tubes appears to be on the order of microme-
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