mined the fraction of the excess work dis-
sipated during each of the three types of
rapid motion: cavitation, plastic yield, and
bridge rupture. Starting from any wall sep-
aration, one can cycle the walls outward by
a given amount and then back to the initial
separation. The total work done to perform
such a cycle is equal to the energy dissipat-
ed. The work used to stretch films between
rapid rearrangements was recoverable in the
low-velocity limit. In contrast, each rapid
rearrangement led to an amount of dissipa-
tion that was nearly independent of the
rupture velocity. About 1/3 of the excess
work was dissipated in each of the three
types of rapid motion. We confirmed this
division by performing simulations with a
prenucleated cylindrical cavity in the initial
configuration and calculating the extra sur-
face area after bridge rupture (Fig. 1D).

Processes usually become reversible as
the velocity decreases. The reason that the
dissipation remained constant in glassy
films was that they were always far from
equilibrium during rapid rearrangements
(3). Instantaneous velocities reached large
values that were set by the yield stress of the
glass rather than by the mean rupture ve-
locity. Similar instabilities may be the ori-
gin of static friction in solid-on-solid sliding
(15). Motion through rapid rearrangements
was also observed at higher temperatures,
particularly cavitation and bridge rupture.
However, in this case the dissipation was
velocity-dependent, and viscous dissipation
dominated at low velocities.

In our simulations, the adhesive energy
G for glassy films was approximately twice
the reversible work. Comparable ratios have
been measured in experiments on tightly
cross-linked rubber on glass (16) and on
adsorbed monolayers of short molecules
(17). The latter studies have also shown
that adhesion hysteresis becomes negligible
when the adhesive enters a fluid state (Fig.
2). Ratios between G and W are orders of
magnitude larger for commercial adhesives.
Although they have much larger chain
lengths and film thicknesses, these adhe-
sives exhibit the same types of rapid yield
events that are seen in our simulations,
namely cavity nucleation, plastic flow, and
stringing or crazing (I, 2, 13). We found
that all of these processes dissipated more
energy with increased film thickness and
chain length. For example, the size of bridg-
es and the amount of work done to stretch
them grew linearly with chain length for
lengths between 8 and 32 monomers.
Somewhat larger chains should become en-
tangled (8) and allow the formation of the
extremely long bridges observed in crazes.
Entanglement would also enhance viscous
losses. Energy dissipated during plastic flow
increased with the thickness of the flowing
region and with the local yield stress. The
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latter is related to the internal friction be-
tween molecules and should be larger for
realistic molecules than for our smooth
chains. It may also be increased by intro-
ducing liquid crystalline order or hydrogen
bonds between molecules. Both are present
in silk, which is well known for its superior
mechanical properties (18).
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The Structure and Stability of Atomic Liquids:
From Clusters to Bulk

Jonathan P. K. Doye and David J. Wales

Insights into the structure of simple liquids are presented from analysis of the effect of the
range of interatomic forces on the multidimensional potential energy surfaces of bulk
material and clusters. An understanding at the microscopic level is provided of how the
liquid phase is destabilized in systems with very short-range interparticle forces. For small
clusters bound by long-range interatomic forces, the lowest energy minimum has an
amorphous structure typical of the liquidlike state. This suggests an explanation for the
transition from electronic to geometric magic numbers (structures of special stability)
observed in the mass spectra of sodium clusters.

6), we consider finite clusters as well as bulk
material. By understanding how the behav-
ior of clusters is similar to or different from
that of bulk material, we can address ques-
tions concerning the evolution of the

The phase diagrams of simple substances
depend sensitively on the form of the inter-
atomic or intermolecular forces (I). In par-
ticular, the range of temperature for which a
liquid-vapor transition can occur as a func-
tion of pressure decreases with the range of
attraction (2). For example, the interparti-

cle forces of some colloids (3) and perhaps 0.4

Cgo (4) have such a short range that no

liquid phase is observed—instead, there is 0.2

only a single fluid phase. In contrast, the 0.0

critical temperature for sodium is about sev- B 02

en times as large as the triple-point temper- |§ 04 ..

ature because of the long-range interatomic ' y

forces. Here, we provide an understanding -06 i

of this phenomenon at the microscopic lev- -0.8

el and relate it to structural models of lig- 10

uids and glasses. Because these models often 06 0B 10 12 14 15 18 20
make use of results from cluster studies (5, ‘ r

Fig. 1. The Morse potential for different values of
the range parameter p, as marked. Quantities in
all figures are in reduced units.

University Chemical Laboratories, Lensfield Road, Cam-
bridge CB2 1EW, UK.
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phase-like forms of clusters to the bulk limit
and the transition from electronic to geo-
metric magic numbers seen in the mass
spectra of sodium clusters (7, 8).

We explored these issues by considering
how the range of the interatomic forces
affects the topology of the multidimension-
al potential energy surface of both bulk
material and clusters. In particular, we fo-
cused on the local minima of the potential
energy surface because these can reveal the
“inherent structure” of the liquid, which is
normally obscured by thermal motion (9).
We used the Morse potential, which has a
single adjustable parameter, p,, that deter-
mines the range of the interparticle forces.
In reduced units the potential energy may
be written as

Vi =Ee°°(1_'u)[e"°(l_"1) -2]

i<j

(1)

where 7; is the distance between atoms i and
J. The effect of varying p, can be seen in Fig.
1: Decreasing p, increases the range of the
attractive part of the potential and softens
the repulsive wall, thus widening the poten-
tial well. Values of p, appropriate to a wide
range of materials have been catalogued
(10). The intermolecular potential for Cg,
molecules has a particularly short range rel-
ative to the equilibrium pair separation,
with an effective value of p, = 13.62; rare
gases are best described by medium-range

potentials (p, ~ 6), whereas alkali metals
have long-range interactions, for example,
po = 3.15 for sodium.

To understand the effect of the range of
interatomic forces on the thermodynamics,
it is helpful to partition the potential energy
into three contributions:

VM = TNy + Estrain + Ennn

(2)

The number of nearest neighbor contacts,
n,., the strain energy, E__. , and the con-
tribution to the energy from non-—nearest
neighbors, E__, are given by

N = 2 1

i<j, T <7y
Estrain = 2 [epo(l_ri’) - 1]2
i<j, rKJ < L)
Eum = 2 enl W7 = 7]
i<j, T >71

3)

where 1, is a nearest neighbor criterion.
E. rain» Which measures the energetic penal-
ty for the deviation of a nearest neighbor
distance from the equilibrium pair distance,
is a key quantity in this analysis. This
should not be confused with strain due to
an applied external force. For a given ge-
ometry, E. . grows rapidly with increasing
po because the potential well narrows. This
effect causes strained structures to be unfa-
vorable for short-range potentials (11).
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We used molecular dynamics and conju-
gate-gradient techniques to generate ~10°
local minima for each potential energy sur-
face at the intermediate value p, = 6. The
simulations of bulk material were performed
at constant volume in a cubic box contain-
ing 256 atoms at a reduced density of V2.
We also studied clusters with 55 and 147
atoms; these sizes represent magic numbers
for many systems, including the rare gases.
The geometries of the local minima were
subsequently reoptimized for ascending and
descending integer values of p, (12). For
the bulk material, the box size was scaled at
each value of p, to keep the energy of the.
face-centered-cubic (fcc) minimum at a
constant fraction of its zero-pressure energy.
On changing p,, a minimum may disappear
from the potential energy surface. When
this occurs, geometry optimization leads to
a new minimum, and this causes the occa-
sional discontinuities in the correlation di-
agrams (Fig. 2).

The lowest energy line in each correla-
tion diagram at any given p, corresponds to
the solid phase. For the bulk material (Fig.
2A), the lowest energy minimum is fcc for
all values of p,. The other low-energy min-
ima are either close-packed structures mis-
oriented with respect to the cubic box, or
they are based on the fcc minimum and
contain defects such as vacancy-interstitial
pairs. The thick band of lines with positive

Energy

4 6 8

10 12 14

Fig. 2. Correlation diagrams for (A) bulk material, (B) the 147-atom
cluster, and (C) the 55-atom cluster. In each case the unit of energy is
the binding energy of the lowest energy face-centered-cubic (fcc) min-
imum. The samples of minima contain 117, 298, and 858 minima,
respectively. For the clusters the appropriate Mackay icosahedron,
which is the global minimum at intermediate values of p,,, is shownin the
top left of the diagrams. Lines due to the decahedral and fcc structures
that become the global minimum at large values of p, have been added.
LL, liquidiike; DF, defective fcc; DI, defective icosahedra.
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slope is due to minima found by quenching
from the region of phase space correspond-
ing to liquid behavior. We have sampled
only a tiny fraction of all these “liquidlike”
minima; for comparison, the number of
minima corresponding to the liquidlike
phase space of a 55-atom Lennard-Jones
cluster has been estimated as 8.3 X 10!
(13). It is because of this large configura-
tional entropy and the greater vibrational
entropy that the free energy of the liquid
phase becomes lower than that of the solid
phase as the temperature increases, leading
to melting.-For the bulk, the energy gap
between these liquidlike minima and the
fcc minimum clearly increases with p, (Fig.
2A). Thus, decreasing the range of the po-
tential energetically destabilizes the liquid
phase.

For the two clusters, Mackay icosahedra
(14) (see Fig. 2, B and C) are the global
minima at p; = 6. The series of low-energy
lines in the correlation diagrams (Fig. 2, B
and C) that run parallel to the lowest line
result from Mackay icosahedra with surface
defects. Rearrangements between these
structures occur at energies just below that
required for complete melting, leading to
enhanced diffusion in the surface layer (15).
In contrast to the bulk material, the struc-
ture of the solidlike phase of the cluster
changes with p,. At short range, decahedral
and fec structures become lower in energy
than the Mackay icosahedron because the
latter has a larger strain energy (11). The
corresponding minima were not found in
our original samples produced at p, = 6, so
the lines due to the lowest energy decahe-
dral and fcc minima (but not the defective
structures based on them) have been added
to the correlation diagrams. Hence, as for
bulk material, the energy gap between the
liquidlike minima and the lowest energy
solid structure, be it icosahedral or decahe-
dral, clearly increases as the range of inter-
action decreases (Fig. 2).

Table 1. Partition of the potential energy of the
bulk phases into the different contributions of Eq.
2 at different values of p,. The values for the liquid
phase are averages over all the liquidlike minima.
All energies are given in reduced units per atom.
The nearest neighbor criterion, r, = 1.243, corre-
sponds to the pair separation at the minimum
between the first and second peaks of the radial
distribution function.

Po E Npn Estrain Ennn
Solid
6 —6.822 6.000 0.000 -0.822
10 —6.050 6.000 0.034 —0.097
14 —5.958 6.000 0.042 -0.016
Liquid
6 —6.292 6.103 0.657 —0.846
10 —4.935 5.931 1.134 —0.138
14 —3.859 5.925 2.100 —0.034
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The energetic destabilization of the lig-
uid phase seen for bulk material and clusters
gives rise to a term in the free energy dif-
ference between the solid and liquid phases
that increases rapidly with py. This term is
likely to be the main range-dependent con-
tribution to the free energy difference; the
range dependence of the entropic contribu-
tion is likely to be less significant, because
the entropy of both the solid and the liquid
phases decreases as p, increases as a result of
the narrowing of the potential wells and the
attendant loss of accessible configuration
space. Because the energetics of the gas
phase are relatively unaffected by the range
of the potential, for forces of sufficiently
short range, the liquid phase is never ther-
modynamically stable. Thus, the destabili-
zation of the liquid phase that has been
noted in experiments and simulations of
colloids and Cg, can be traced to the po-
tential energy surface.

The physical basis for this behavior is
simple. The structures of the liquidlike min-
ima are inherently disordered, giving rise to
a range of nearest neighbor distances: The
first peak in the radial distribution function
is broader than for the solid. The resulting
strain energy rises rapidly as the range de-
creases and the potential wells narrow. This
view was confirmed by examination of the
three contributions to the energy for the
two bulk phases at different values of p,
(Table 1). The main contribution to the
energy gap is found to be the larger strain
energy of the liquid minima.

Our results can also be related to the
structure of liquids. It was Frank who first
suggested that the large supercooling of
atomic liquids could be due to local icosa-
hedral order in the liquid phase (5). It has
since been demonstrated that the structure
of atomic liquids and glasses has significant
polytetrahedral character (16). Consistent
with this, the radial distribution functions
for the liquidlike minima (Fig. 3) lack the
peak at r = /2, which is characteristic of
the octahedron. The regular tetrahedron

10

2 25

r
Fig. 3. Average radial distribution functions, gi(r),
for the three sets of liquidlike minima at p, = 6.
The distribution function has not been normalized
with respect to the density because the volume of
a cluster is not well defined.
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represents the densest local packing of
spheres, but it cannot be used to pack all
space. A polytetrahedral packing of space
must therefore involve distorted tetrahedra,
leading to local strain and a range of nearest
neighbor distances. Polytetrahedral struc-
ture therefore underlies the larger strain
energies in the liquid phase.

Nelson has shown that polytetrahedral
packings must involve defects called discli-
nation lines (17). These lines connect at-
oms with coordination numbers different
from the usual 12. If the disclination lines
are arrayed periodically, one obtains crystal-
line structures called Frank-Kasper phases
(18), which are closely related to many
icosahedral quasi crystals (19). The known
examples are generally alloys where some of
the strain is relieved by the different atomic
sizes. If the disclination lines are disordered,
then one obtains structures typical of lig-
uids and glasses. We can also understand
the present results by considering the ener-
getics of the disclination lines, which are
most easily accommodated in systems
bound by long-range forces. As the range of
the potential decreases the energetic penal-
ty for the local strains associated with the
disclination lines increases, causing destabi-
lization of the liquid phase.

One of the key differences between the
correlation diagrams of the clusters and of
bulk material is that for the two clusters the
liquidlike minima actually become the low-
est in energy at the small values of p,
which are appropriate for alkali metals. This
observation suggests an explanation for the
change from electronic to geometric magic
numbers at about 1500 atoms seen in the
mass spectra of sodium clusters (7, 8). Fur-
ther experiments have shown that the clus-
ters that exhibit electronic magic numbers
are liquidlike, whereas those that exhibit
geometric magic numbers are solidlike (8).
These results agree with the behavior ex-
pected for clusters bound by long-range
forces. At small sizes the lowest energy
structures lie in the liquidlike band, and the
cluster has a very low melting temperature
because this band is almost continuous in
energy. Hence, the cluster can adopt struc-
tures that give the most favorable electronic
energy without incurring excessive strain
energy. As the size increases, the behavior
of the cluster must tend to the bulk limit
where the band of liquidlike minima is
higher in energy than the fcc solid for all
values of py. Therefore, there must be a
critical size at which a minimum based on
an icosahedral, decahedral, or fcc packing
scheme becomes lower in energy than the
liquidlike minima. Above this size, the clus-
ter will exhibit a geometric shell structure
at temperatures below the melting point.
For metals with shorter range potentials,
geometric rather than. electronic magic



numbers are likely to dominate at relatively
small sizes (20).

Our results also allow us to examine the
development of the liquidlike state in clus-
ters. The similarity of the radial distribution
functions for the bulk and the cluster lig-
uidlike minima (Fig. 3) shows that bulklike
liquid structure develops at rather small
cluster sizes. The only significant difference
is the uniformly smaller value of the cluster
radial distribution function, and this is sim-
ply due to the finite size. This similarity can
easily be understood within the polytetra-
hedral model of liquid structure. Small clus-
ters bound by ‘medium-range forces have
icosahedral growth sequences (21). For very
small sizes (up to 31 atoms for the Lennard-
Jones potential), the lowest energy se-
quence is purely polytetrahedral, although
some close-packed character has developed
by the time the 55-atom Mackay icosahe-
dron is reached. Given the favorability of
polytetrahedral structure for small clusters,
it is not surprising that bulklike liquid char-
acter is seen at small sizes.

Similarly, the decreasing polytetrahedral
character and increasing close-packed char-
acter of the Mackay icosahedron as the size
increases can explain some of the differenc-
es in the correlation diagrams of the two
clusters (Fig. 2, B and C). For the 55-atom
cluster, the distinction between the top of
the band of defective icosahedral structures
and the band of liquidlike minima is un-
clear because of the relative structural sim-
ilarity of the solid and the liquid at this
small size. The energetic separation of these
two bands of minima becomes larger as the
size increases, giving the correlation dia-
grams the two-state character expected for a
system that undergoes a first-order phase
transition.
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Reversible Encapsulation of Disc-Shaped Guests
by a Synthetic, Self-Assembled Host

Robert M. Grotzfeld, Neil Branda, Julius Rebek Jr.*

Here, the synthesis of a bowl-shaped molecule is described and evidence of its reversible
dimerization by means of hydrogen bonds is presented. The dimer features a flattened
spherical cavity of peculiar symmetry and acts as a host for the encapsulation of guest
molecules of complementary shape. Encapsulation of aromatic guests in chloroform
solution and of cyclohexane in p-xylene solution was demonstrated by nuclear magnetic
resonance experiments. The passage of guests into and out of the cavity is slow and
occurs on atime scale of hours. The system was used to explore the effects of size, shape,
and solvation on molecular recognition coupled with assembly.

Previous efforts in the synthesis of self-
assembled molecular capsules have led to
small cavities capable of sequestering meth-
ane (1) and large cavities that can accom-
modate molecules of the size of adaman-
tanes (2). These earlier capsules present
roughly spherical interiors, and their recog-
nition properties reflect preferences for
guests of this shape. Here, we introduce an
assembly of intermediate size and unusual
(D54) symmetry. The overall shape resem-
bles that of a jelly doughnut, and it features
a flattened spherical interior cavity. This
assembly encapsulates disc-like molecules—
for example, benzene or cyclohexane.

As in earlier designs, the assembly in-
volves the reversible dimerization of self-
complementary monomers. These associate
by interlocking the concave and convex
parts of the two monomers and are held
together by weak intermolecular forces. The
new architectural features are presented
schematically in Fig. 1, wherein the three-
fold symmetry of the monomers is empha-

sized and the curvature of the dimeric as-.

sembly is exaggerated.

The driving force for assembly takes ad-
vantage of modest directional characteristics
of hydrogen bonds. These are common to
many other studies of self-assembly (3), and
we have found that glycoluril units (for exam-
ple, 4 in Fig. 2) provide a particularly rich
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source of donor and acceptor functions desir-
able for self-complementary structures (I).
Any number of rigid aromatic nuclei can act
as spacers between the glycoluril units; the
spacer determines the dimensions and shape
of the molecular assembly (4). A triphenylene
derivative (2) was chosen as the spacer, so
that the ceiling and floor of the assembled
capsule consisted of aromatic 1 surfaces. The
fusion of three glycoluril units to the spacer
with an all-cis stereochemistry (as in 5) im-
parts a curvature to the structure and forces
the association to occur in only one way; the
maximum number of hydrogen bonds (12)
can be achieved only when two molecules
present their concave faces to each other.
The synthesis began with the reaction of
bromofluoroxylene 1 with magnesium to
give hexamethyltriphenylene 2, in what is
formally a benzyne trimerization. Bromina-
tion of 2 gave hexakis(bromomethyl)tri-
phenylene 3, which was used without puri-
fication in the alkylation of glycoluril 4.

Fig. 1. Dimerization of a self-complementary
structure to a closed-shell surface.
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