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Although the idea that entropy alone is sufficient to produce an
ordered state is an old one in colloid science’, the notion remains
counter-intuitive and it is often assumed that attractive interac-
tions are necessary to generate phases with long-range order. The
phase behaviour for both rods and spheres has been studied
experimentally'”’, theoretically®® and by computer simulations'.
Here we describe the phase behaviour of mixtures of colloidal rod-
like and sphere-like particles (respectively viruses and polystyrene
latex or polyethylene oxide polymer) under conditions in which
they act like hard’ particles**. We find a wealth of behaviour: bulk
demixing into rod-rich and rod-poor phases and microphase
separation into a variety of morphologies. One microphase con-
sists of layers of rods alternating with layers of spheres'’; in
another microphase of unanticipated complexity, the spheres
reversibly assemble into columns, which in turn pack into a
crystalline array. Our experiments, and previous theory and
computer simulations'’, suggest that this phase behaviour is
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entropically driven by steric repulsion between particles. The
phenomena are likely to be quite general, applying also for
example to low-molecular-mass liquid crystals'. This kind of
microphase separation might also be relevant to systems of
amphiphiles' and block copolymers', to bioseparation methods
and DNA partitioning in prokaryotes”, and to protein
crystallization'®'” and the manufacture of composite materials.

The phase behaviour of a colloidal suspension is found by
minimizing the free energy F = U — TS. Hard particles are for-
bidden to interpenetrate and the interaction energy U is zero as
long as the particles are not in contact. Thus phase behaviour is
determined by maximizing the entropy S. For hard spheres, imagine
a suspension of billiard balls, and for hard rods substitute billiard
cues. Examples of entropically driven ordering exhibited by hard
rods are the nematic and smectic liquid-crystalline phases, whereas
for hard spheres a fluid—crystal transition occurs. These phase
transitions have been extensively studied theoretically®’, by com-
puter simulations', and experimentally in a variety of colloidal
systems, including the ones studied here'””. Another class of
entropically driven ordering arises in mixtures in which demixing
transitions often occur. If one of the physical properties of the
individual molecular species, such as shape or flexibility, is different
enough, then either bulk or microphase separation will occur for an
appropriate composition of the components.

The physical origin of phase separation in hard particle suspen-
sions is both extremely simple and general. The free volume of a
suspension composed of a binary mixture of macromolecules is
maximized when the two components phase-separate. Increasing
the free volume (see insert to Fig. 1) raises the translational entropy
of the macromolecules, but at the expense of lowering the entropy of
mixing. At low concentrations, the mixing entropy dominates and
the solution is miscible, but with increasing concentration, if the
gain in free volume is sufficient, phase separation will occur.
Although the interparticle potential is purely repulsive, like-com-
ponents experience an effective attraction. This phenomenon is
known by different names—depletion attraction in physics and
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Figure 1 Theoretical phase diagram for aligned spherocylinders of length L,
diameter D, and spheres of diameter ¢ (ref. 11) for L/D = 100 and ¢/D = 10. Upon
addition of spheres, the total volume fraction needed to form a lamellar phase (b)
decreases, hence spheres stabilize the smectic phase. In a, the rods and spheres
are miscible, and in ¢, bulk phase separation occurs. Insert: (1) The volume
excluded (light grey) to the centre of a horizontally aligned rod (black) by a sphere
(dark grey). (2) Bringing two spheres together in a suspension of parallel rods
leads to an overlap of excluded volume (wide cross-hatch)-increasing the free
volume and thus the translational entropy of the rod. (3) Aggregation of the
spheres parallel to the rods produces more overlap of excluded volume than in
insert 2.
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chemistry'®"*=*, but is macromolecular crowding in biology'>*.

Depletion phenomena are general because all particles at any scale
possess a hard core that must be considered in any accurate
theoretical model. For the case of the colloidal suspensions studied
here, hard-core repulsion is the dominant interaction because salt
added to the suspension screens electrostatic repulsion.

In our experiments, we either add polyethylene oxide (PEO),
polyethylene glycol (PEG) or polystyrene latex (PS) spheres to
suspensions of the filamentous bacteriophage fd virus in the
isotropic or nematic phases. When low concentrations of spheres
that are small compared to the fd length (22 nm diameter PS, 5%
volume fraction) are added to a pure fd nematic (20 mgml™,
10mM Tris), we observe bulk phase separation of the rods into
an isotropic and nematic phase. The spheres partition into the rod-
poor phase in the form of ellipsoidal shaped droplets, with the long
axis parallel to the nematic director (rod alignment axis). In
contrast, when PS spheres at any concentration larger than about
700 nM are added to the pure fd nematic, complete demixing of the
spheres into dense, irregular shaped aggregates elongated along the
nematic director is observed.

The full complexity of the phase diagram of rod/sphere mixtures
is illustrated in Figs 2 and 3. Upon increasing from zero the
concentration of 100-nm-diameter PS spheres in a dilute fd nematic
sample, the spheres assemble into columns of ~300 nm diameter
that are up to 5 um long and oriented perpendicular to the rods’
long axis. The columns in turn pack on a two-dimensional lattice
with diametrically opposed columns approximately two rod-
lengths apart. Birefringence measurements indicate no disruption
of the alignment of the rods; we call this phase ‘columnar’ As the
sphere concentration is increased, the columns continuously dimin-
ish in diameter and spheres fill in the line joining the two opposite
columns that are perpendicular to the rod alignment direction.
Eventually the columns disappear and a ‘lamellar’ phase is formed
of a layer of rods alternating with a layer of spheres. Both the
lamellar and columnar phases are equilibrium phases; we have one
lamellar phase of over two years old.

Freeze-fracture electron microscopy of the lamellar phase
(Fig. 3b(2)) revealed cases in which one layer of aligned but
disordered rods alternated with a layer of disordered spheres
about two diameters thick. This was consistent with optical micro-
scopy (Fig. 3b(1)) results that measured the periodicity of the
lamellar phase at 1.1 pwm, about 0.2 pum longer than the fd molecule,
or twice the diameter of the PS spheres. At higher fd concentrations,
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Figure 2 Phase diagram for fd and 100-nm diameter polystyrene spheres. The
jonic strength (/) was 5mM at pH 8.2, but a topologically identical diagram was
observed with / = 50mM. The phase sequence for pure fd (/ = 5mM) is iso-
tropic-nematic at 15 mg ml™' and nematic-smectic at 55 mg mi™ (ref. 6). At volume
fractions of spheres as low as 0.5% (5 mg mI™') and rod concentrations of 20 mg ml™,
far below the smectic phase, we observe microphase separation. The appear-
ance and structure of those phases labelled with letters are shown in Fig. 3.
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filaments of the lamellar phase were observed. Filaments had uni-
form diameter, but with a variance of diameter among filaments in
the same sample, ranging from 2 to 100 pm diameter with lengths of
the order of centimetres. Filaments formed within minutes after
initially mixing the fd and PS. Samples ranging in age from a day
to several months resembled those shown in Fig. 3¢, d, but bulk
demixing of the rods and spheres occurred after one year. These
filaments formed in co-existence with either fd in a nematic phase,
or in the smectic phase. The smectic phase had a periodicity of
0.9 wm, identical to that of pure fd suspensions.

The lamellar phase is initially largely defect-free, and at low
concentrations is very flexible. Fluorescently labelled spheres are
seen to hop between layers. With increasing sphere concentration,
the lamellae become rigid and hopping between layers stops. As
the sphere concentration is further increased, the number of
defects multiply until the size of defect-free regions is only several
molecular lengths. Neither swelling of the layers nor bulk phase
separation was noted as a function of sphere concentration.

Phase diagrams of identical topology were observed using poly-
styrene spheres ranging from 22 to120 nm diameter, but the con-
centration of spheres needed to induce lamellar order increased
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Figure 3 Photographs and diagrams of regions of the phase diagram shown in
Fig. 2. Unless specified, photographs are differential interference contrast (DIC)
microscopy. The micrographs cannot clearly resolve single particles, so the
drawings give only an approximate representation of the structure. The actual
volume fraction of the spheres within the columns and lamellae is 10-20%. Length
bars are 3um. a(1), a(2), Orthogonal sections of co-existing columnar and
lamellar phases. a(1), Section in the x-y plane perpendicular to the columns,
corresponding to the upper part of the adjacent drawing-each column is about 3
spheres in diameter; a(2), section in the x-z plane corresponding to the front of
the drawing. The columns (top) have twice the spacing of the lamellae (bottom).
The lamellar phase is shown in b(1); b(2) is a freeze-fracture electron
micrograph?®. The arrow indicates a hemispherical divot where a sphere was
lifted out of the plane by the fracturing process. In ¢ and d, filaments of the lamellar
phase (high contrast) co-existing with either the phase separated rods in a
nematic of uniform texture (¢) or smectic with weak contrast (d). Filaments are
metastable but long-lived structures. The periodicity of the lamellar (1.1 um) is
larger than the periodicity of the smectic (0.9 pm).
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with decreasing sphere size. Columnar phases were observed for PS
in the 60—120 nm range: notably, the diameter of the columns of
spheres remained the same at ~300 nm. The lamellar phase (but not
columnar) was also observed with PEO relative molecular mass
(M,) of 8,000K, which has a hydrodynamic radius of 100 nm (ref.
26).

PS spheres of size greater than 250 nm did not form the lamellar
phase. When low concentrations of 300-nm-diameter PS spheres
were added to fd nematics, we observed rapid association of the
spheres into chain-like structures (Fig. 4). At higher densities, the
spheres packed into a cubic array with a lattice constant of one rod
length.

A microscopic but highly simplified theory models the fd as
perfectly aligned hard rods, the PS as hard spheres, and treats
interactions at the second-virial level'. We have used this theory
to calculate the stability limits of the phase diagram (Fig. 1). This
predicts topologically identical phase diagrams for all sphere
diameters. The experimental phase diagrams were remarkably
similar to theory for spheres ranging in diameter from 22 to
200 nm. However, above this sphere diameter no lamellar phase is
seen, in contrast to theory. The theory also predicts swelling of the
layers, in contrast to experiment, and furthermore, the theory does
not account for the columnar phase.

The observed lamellar and columnar phases in fd/PS mixtures
bear strong resemblance to micellar and block-copolymer' sys-
tems, in which microphase ordering is driven by the tendency of the
antagonistic (or amphiphilic) portions of an individual molecule to
phase separate while being prevented from doing so by chemical
bonds. In contrast, no bonds exist between the rods (fd) and spheres
(PS), so naively we expect bulk demixing of rods and spheres**'.
The photograph in Fig. 4 of 300-nm spheres immersed in a nematic
suspension of fd rods suggests an explanation of why the lamellar
phase is preferred to bulk demixing of the rods and spheres®**. The
photographs indicate 300-nm spheres have two preferred config-
urations: either spheres in contact or separated by one rod length,
which suggests that these are low-energy configurations. In other
words, the pictures demonstrate that in a rod—sphere mixture
there is an effective sphere—sphere attraction (promoting bulk
phase separation) and an effective rod—sphere attraction (promot-
ing microphase formation). Depletion theory explains the sphere—
sphere association as a way to maximize free volume, and hence
total entropy. We speculate that the rod—sphere attraction arises
from correlations among the rods induced by the presence of
spheres (Fig. 4). These experiments and theoretical arguments
demonstrate that the bond linking the two portions of a co-polymer
is not essential for inducing microphase ordering, contrary to
conventional wisdom'".

Although there is partial understanding of the lamellar phase, the

Figure 4 Effective rod-sphere attraction. a, DIC micrograph of 300-nm PS spheres
in a nematic fd sample. b, The spheres either aggregate in close-packed chains
(Fig. 1, insert 3) or into open chains in which each sphere is separated by a rod
length (0.9 um). ¢, An interface perpendicular to the nematic alignment direction
forces the ends of the rods into registry, setting off a smectic density wave that
decays away from the interface. Consequently, slightly more than one rod length
away from the sphere the density of rods is lower than average and thus it is
easier to insert a second sphere. Such spheres strongly stabilize the lamellar
phase (Fig.1).

NATURE|VOL 393|28 MAY 1998

Nature © Macmillan Publishers Ltd 1998

letters to nature

columnar phase remains a mystery and presents a theoretical
challenge. Analysis of the phenomena described here is relevant to
both the high-molecular-mass macromolecules used in this study,
as well as low-molecular-mass ones for which interparticle attrac-
tions are significant, because all molecules possess a repulsive steric
core. Thus the entropic forces discussed here need to be considered
in order to have a complete description of the phase behaviour of
any mixture containing anisotropically shaped molecules. Further-
more, we have shown that effective attractive potentials of surpris-
ing complexity can be constructed through the choice of the shape,
size and number of molecules in a suspension, indicating the
possibility of manipulating these variables'®? to ‘engineer with
entropy, building order from disorder'. O
Methods

The colloidal rods consist of filamentous bacteriophage fd virus, a semiflexible
polymer of 6.6 nm diameter, 880 nm contour length, 2.2 pm persistence length,
and negative charge density of 10e” per nm (refs 2, 27). Growth and
purification of the virus were done using standard methods®. The spherical
colloids consisted of either monodisperse polystyrene latex spheres, solid
charged spheres ranging in diameter from 22nm to 1.0 um (Bangs Labs,
1DC), or one of either of the water-soluble neutral polymers; polyethylene
glycol or polyethylene oxide of relative molecular masses ranging from 8K to
8,000K (Aldrich, Fluka, Sigma). Colloids were suspended in either 10 mM or
100 mM Tris buffer at pH 8.2 (ionic strength, 5mM or 50 mM, respectively).
Samples were flame-sealed in rectangular glass capillaries of 50 pm path length
(Vitro Dynamics).

Phase diagrams were determined by direct observation with differential
interference contrast (DIC) and polarizing microscopy on a Nikon MicroPhot
SA connected to a MTI CCD-72 video camera and a Scion AG-5 video Frame
Grabber interfaced with a MacIntosh computer running NIH Image.
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The solubility of rare gases in silicate melts and minerals at high
pressure is of importance for understanding the early history of
the Earth and its present day degassing. Helium, neon, argon,
krypton and xenon were originally incorporated into the Earth
during its accretion, and have also been produced by radioactive
decay'. These elements have been used as tracers for deciphering
mantle structure and constraining the number and size of geo-
chemical reservoirs'~>. In particular, it has been proposed that the
budget of *°Ar, produced by the radioactive decay of *’K, provides
the strongest argument for chemical layering within the mantle"*.
The geochemical models used to arrive at this conclusion are,
however, currently under re-examination’®, with a large source of
uncertainty being the lack of data on argon partitioning during
melting. It has previously been assumed, on the basis of low-
pressure data, that noble gases are highly soluble in melts at all
pressures. But here we present solubility data of argon in olivine
melt at very high pressure that indicate that argon solubility is
strongly dependent on pressure, especially in the range of 4-5
gigapascals.

Degassing throughout Earth history has taken place by melting
accompanied by dissolution of noble gases in the melt, followed by
ascent of melt and escape to the atmosphere. Several recent studies
have focused on rare-gas solubility in melts at low pressure (below
2.5GPa)*®. Newly developed high-pressure diamond anvil cell
(DAC) techniques now permit melting experiments on mantle
materials in the presence of argon under deep-mantle conditions’.
Preliminary experiments on pure SiO, melt yielded the surprising
result that Ar solubility decreased markedly above 5 GPa. We have
now obtained data for a natural olivine melt composition that
provide a more realistic model for mantle melts.

Polished 100 X 100 X 20 pm” plates (Fig. 1a) of single crystalline
San Carlos olivine (chemical composition 49wt% MgO, 41wt%
SiO,, 10wt% FeO) were loaded into a high-pressure DAC along with
Ar as pressure medium’. Pressure was measured from the calibrated
shift of the intense Raman lines of the crystal before heating'®. This
avoided a potential chemical reaction with the ruby chips usually
used for pressure measurement. Samples were heated at pressures
up to 11 GPa by using a focused CO, laser beam''. Forsterite melts
congruently to at least 12.7 GPa (ref. 12). Melting was detected
optically by the formation of droplets (Fig. 1b). The laser power was

# Present address: Department of Chemistry and Biochemistry and Center for Solid State Science, Arizona
State University, Tempe, Arizona 852287, USA.
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Figure 1 Series of optical micrographs taken through the diamonds of the DAC
before and during the laser-heated experiment showing different stages of the high-
pressure melting of olivine in the presence of Ar. a, Polished single-crystalline slab of
San Carlos olivine compressed in solid Ar at 2.5 GPa before heating. The dark
outline indicates the gasket hole in the diamond cell experiment. The largest
dimension of the sample is 150 um. The sample edges were fixed at two points of
contact to the interior of the metal gasket. At ambient temperature and above
1.2 GPa, the Ar pressure-transmitting medium is solid. The line traversing the sample
along its longest dimension is a fracture that occurred during compression. b,
Photomicrograph of the sample in situ during laser heating at 2.56GPa. The laser
power was adjusted so that the temperature inside the molten spot was
approximately 100-200°C above the melting point. Only one piece of the fractured
sample has melted to a spherical drop, and has moved away from the other half of
the crystal (darker area above the melted spot). A rim of molten argon is visible
around the hot bead of olivine melt: the Aris solid elsewhere. ¢, Photomicrograph of
the sample in the DAC after heating. When the laser power is cut, the molten sample
quenches rapidly to glass (verified by polarized optical microscopy and micro-
Raman spectroscopy, and by SEM analysis of the etched surface after removal from
the DAC; see the text). The quenched bead of glassy sample droplet is then
decompressed and prepared for chemical analysis. d, SEM image of a typical
polished sample after etching (1 minin 1 M HCI). The sample surface shows only a
smooth glassy texture. No fracture lines or bubbles are observed in the regions that
were subjected to chemical analysis with the electron microprobe. The Ar content
was measured by energy-dispersive and wavelength-dispersive analysis in the
electron microprobe (Cameca SX50) with an accelerating voltage of 15kV, a beam
currentof 100 nA and a counting time of 10 s on peak and background. The standard
used was an SiO, glass containing 1wt% Ar. The Ar signal was measured
simultaneously with two spectrometers. The electron beam was defocused to
5um in diameter to improve counting statistics on the low rare-gas content. The
beam was rastered automatically across the sample surface in 5um steps. The
reported Ar contents represent an average of approximately 20 points, depending
on the sample analysed. A few empty ‘bubbles’ are visible on the right side of this
sample: these are areas where the molten sample was ‘pulled away’ from the
crystalline olivine during initial heating. These areas were avoided during the
chemical analyses. All glassy samples analysed in this study formed monolithic
blocks that remained intact during removal from the DAC, mounting in epoxy, and
polishing. There was no evidence for microcracks or bubbles that might indicate
decrepitation, for any of the glassy samples described here. Etching the sample
surface did not reveal any additional texture that mightindicate the presence of grain
boundaries or other features associated with crystallization during the quench.
Micro-Raman spectra of quenched samples occasionally showed the two most
intense peaks of crystalline olivine superimposed on the broad bands of the glassy
sample; however, these were not present for all samples, and there was no
systematic difference between samples with high and low Ar content.

NATURE |VOL 393 |28 MAY 1998




