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designed a sample to minimize such a gradient and to maximize
uniformity in parameter values across the whole section. It presents
a central region where the gradient almost vanishes. The current
crowding at the borders, with associated localized lasing, still exists.
All other characteristics of the sample remain unchanged with
respect to the first one. We repeat the experiments with the new
sample, and we observe (Fig. 4a) that the homogeneous state can
cover most of the diameter of the VCSEL; this occurs over an
appreciable range of frequencies of the external field. A boundary is
still observable between a pattern and the homogeneous state, on
the left side of the sample. By injecting the writing beam inside the
homogeneous state, we can generate a CS that remains when the
writing beam is removed. We then apply this beam in a different
location without changing any parameter value, and a second spot is
generated. This spot will also persist after removal of the writing
beam. We reach, then, the situation in which two CSs exist.
Changing the phase of the writing beam and re-injecting it succes-
sively at the location of each spot, we erase each spot in an
independent way. The full series is displayed in Fig. 4. In the
experiment, the position of the CS can be changed by adding a
weak gaussian beam (in phase with the holding beam and with a
smaller waist) in a location lying up to three CS diameters off the
soliton peak. After removal of this additional gaussian beam, the CS
comes back to one of the previous positions.

The theoretical analyses and numerical simulations had the
following features, yielding a consistent interpretation on the
observed behaviour of CSs. When simulating the switch-on of a
CS in the sample with small resonance gradient (V0), the CS follows
V0, drifting leftwards until it merges with the pattern. The small
intensity gradient of the gaussian holding beam alone is unable to
counterbalance the drift. When a stochastic process simulating the
sample roughness is accounted for, the CS moves to alocation where
it remains fixed. The conditions for such ‘trapping’ depend on the
balance between the local resonance and V0. The number and
distribution of such ‘trapping sites), related to the imperfections of
the device, are interspersed densely enough to allow for a large
number of stable CS locations throughout the sample. This effect of
layer-related roughness is rather new to investigations**: it does not
prevent CS motion under the influence of additional field gradients,
so that CSs can be manipulated exactly as in the experiment. In
particular, the CS drift can be governed by injecting a second
gaussian beam with waist smaller than that of the holding beam,
but larger than the CS radius. When this beam is positioned close to
where the CS has been turned on, it attracts the CS towards its
maximum, and traps it in a location where the pull induced by V6 is
balanced by the intensity gradient; this occurs in a range approxi-
mately on the order of the gaussian waist, in agreement with the
experiment.

Using CSs, we have realized a monolithic two-bit all-optical
information processor: we consider that these results open a
possible way to developing a practical device. The future develop-
ment of our results requires an increase in the number of CSs that
can be simultaneously present, and also a way of inducing con-
trollable motion of CSs. To achieve these goals, it will be necessary to
introduce appropriate spatial modulations in the holding beam,
and to further improve the homogeneity of the sample in the
transverse plane. |
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Polar liquid crystalline materials can be used in optical and
electronic applications, and recent interest has turned to for-
mation strategies that exploit the shape of polar molecules and
their interactions to direct molecular alignment"?. For example,
banana-shaped molecules align their molecular bent within
smectic layers®, whereas conical molecules should form polar
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columnar assemblies*’. However, the flatness of the conical
molecules used until now**® and their ability to flip”* have
limited the success of this approach to making polar liquid
crystalline materials. Here we show that the attachment of five
aromatic groups to one pentagon of a Cgo fullerene molecule
yields deeply conical molecules that stack into polar columnar
assemblies. The stacking is driven by attractive interactions
between the spherical fullerene moiety and the hollow cone
formed by the five aromatic side groups of a neighbouring
molecule in the same column. This packing pattern is maintained
when we extend the aromatic groups by attaching flexible
aliphatic chains, which yields compounds with thermotropic
and lyotropic liquid crystalline properties. In contrast, the
previously reported fullerene-containing liquid crystals'®"” all
exhibit thermotropic properties only, and none of them contains
the fullerene moiety as a functional part of its mesogen units. Our
design strategy should be applicable to other molecules and yield
a range of new polar liquid crystalline materials.

The chemical nature of side groups can tune the assembly of
fullerene derivatives into a range of different nanostructures'. In
our molecular design, which builds on the C5 symmetry of the Cgo,
we attach five aromatic groups to form a conical cavity with
chemical affinity for Cqy (Fig. 1a). The synthesis involves covalent
attachment of five biphenyl groups around one pentagon of Cg,
using an organocopper-based strategy'® that produces the penta-
kis(biphenyl)fullerene 1 on a 10-g scale in 99% isolated yield. The
synthesis of molecules with a deep conical structure and flexible side
chains started with the addition of five phenol groups to one
pentagon, followed by coupling with a benzoate group bearing
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2:R'0=CyHa0
3:R'0 = Cy4Ha0
4:R'0 = CygHas0
5:R'0 = CygHa70

Figure 1 Fullerene derivatives with deeply conical structures. a, Chemical formulae of
1-5. b, Top view of 2. Colour code: red, fullerene core; blue, aromatic groups, and grey,
alkyl chains. ¢, Side view of 2. d, A stack of five molecules of 2 (based on molecular
mechanics calculations and on the SAXD data described in the text).
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two long aliphatic side chains. With this modification, the molecule
acquires a deep cavity with an aromatic interior at the bottom (red/
blue, Fig. 1b) and an aliphatic periphery at the top (grey, Fig. 1c).
This design should favour columnar stacking of the molecules into
one-dimensional arrays (Fig. 1d): the low affinity of the aliphatic
side chains to Cg, provides a chemical driving force for microphase
segregation®*’. We note that Cg, is highly soluble in aromatic
hydrocarbons while insoluble in saturated hydrocarbons®’.

The molecules 2-5 bearing hydrocarbon side chains were syn-
thesized in three steps: five-hold addition of 4-(THPO)CsH,MgBr
(where THP is a tetrahydropyranyl protective group) to Ce in the
presence of CuBrMe,S and acid hydrolysis of the THP group
afforded (4-HOCgH,)sCsoH in 92% vyield, followed by acylation
of the resulting five phenolic groups with an appropriate acid
chloride afforded 25 in about 60% overall yield on a multigram
scale. Compounds were purified with gel permeation chromatog-
raphy to analytically pure quality and used for the experiments.

Single crystals of 1 were grown in a mixture of chlorobenzene and
diethyl ether. The crystal belongs to the orthorhombic crystal
system and the space group of Pbca. A unit cell comprises four
pairs of two molecules stacked in a head-to-tail manner, and infinite
translation of the unit cell along the A axis yields one-dimensional
arrays of stacked molecules (Fig. 2a). The stacking period of the
molecules within a column is 11.1 ;\, which includes a small void
between neighbouring molecules in the same column. The columns
are packed in a hexagonal manner (Fig. 2b). The packing is slightly
distorted: The shorter intercolumnar distance (ape.) is 14.2 A

Figure 2 Crystal packing of biphenyl compound 1. a, View from A axis and b, from B axis.
For clarity, chlorobenzene and diethyl ether molecules are omitted and only a single layer
of the molecules is shown. Crystal data for 1-(CgHsCl)-(Et20): C130Hg1Cl104, orthorhombic
space group Abca (number 61), @ = 27.7100(9) A, b = 22.1850(18) A,
c=28.456() A, V= 17493(2) A% Z=8, T= 213(2)K (standard deviation in
parentheses), MacScience DIP2030 diffractometer, Moy _ radiation (\ = 0.71073). The
full-matrix least-square refinement with 15,517 reflections and 1,191 parameters
converged to A1 factor = 0.1249, wR2 factor = 0.3481, and goodness of fit = 1.367.

703




letters to nature

(Fig. 3¢) and the longer one is 17.2 A. The fullerene core of 1 sits in
the cavity created by the five biphenyl groups of the next molecule in
the column. Each column is oriented in a direction opposite to the
neighbouring columns, with the fullerene cores forming layers
perpendicular to the column axes owing to intercolumnar biphe-
nyl-CH/biphenyl-w interactions.

Systems containing fullerenes can exhibit liquid crystalline beha-
viour, but are usually thermotropic liquid crystals'®~'>. In contrast,
compounds 2-5 exhibit both thermotropic and lyotropic liquid
crystalline properties. We find that these compounds display ther-
motropic hexagonal columnar phases up to temperatures around
140 °C (Fig. 3a). As the side chain increases in 2-5 from 12 carbons
to 18, the enthalpy change of the liquid crystal-isotropic transition
decreases from 21.0 to 5.0kJmol™" whereas the glassy to liquid
crystal transition temperature increases monotonously from
—47°Cto —7°C.

The small-angle X-ray diffraction (SAXD) spectrum of 2 at 60 °C
shows a sharp reflection with a d- spacmg of 31.4A (100), and
smaller peaks associated with d-spacings of 16.8 (110), 15.6 (200)
and 14.3 A (001) (Fig. 4a and b). The first three peaks correspond to
the reflections of a hexagonal columnar structure (reciprocal
d-spacing of 1:1/3:2) and the last peak to the stacking period within
the column. In a wide-angle X-ray diffraction pattern (see Supple-
mentary Information), a broad peak centred at 4.5A is seen. Its
position and width are typical for molten aliphatic moieties. The
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Figure 3 Crystalline and liquid crystalline properties and structures of 1-5.

a, Thermotropic phase behaviour of 2-5. Pink, glassy phase; orange, liquid crystalline
phase; light blue, isotropic phase. Temperatures are in °C, and transition enthalpies in
kJ mol ™" in brackets. b, Lyotropic phase behaviour of a mixture of 2 with various amounts
of dodecane. ¢, Schematic of the crystal packing of 1; d1 = 13.86 A, d2 = 13.854,
a3 =45 A, Ahex = 14.2 A, stacking periodis 11.1 A (the data set refers to the shortest
anex and the related parameters in this distorted hexagonal packing). d, Schematic of the
column packing of liquid crystalline phases of 2. For thermotropic liquid crystals of 2 at
60°C: d4 = 31.4A d5 = 16.8A, ane = 35.3A, stacking period is 14.3A. For
lyotropic liquid crystals of a 50:50 mixture of 2 and dodecane at 60 °C: d4 = 34.4 A,
d5 =19.9A, anex = 39.8A, stacking period is 17.5A. Thermal and liquid crystalline
properties were determined by differential scanning calorimetry (DSC) measurements on
a Mettler DSC30 system and optical observation with an Olympus BX51 microscope
equipped with a Mettler FP82-HT hot stage. The liquid crystalline to isotropic transition
temperature was taken at the maximum of the endothermic peak in the DSC chart on the
second heating run at the rate of 20 °C min~'. The glass transition temperature was read
at the midpoint of the change in the heat capacity.
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intercolumnar spacing d.y is 35.3 A (Fig. 3d), which is more than
twice as large as that observed in the crystals of 1 (14.2-17.2A,
Fig. 3c). Neither the angles nor the intensities of the reflections—

d(100), (110), (200) and (001)—change (within * 0.6%) at tem-
peratures between 60 and 140 °C (Fig. 4a). The measured stacking
period (14.3A) and the intercolumnar spacing (35.3A) provide
strong evidence of head-to-tail stacking of 2, which is consistent
with molecular mechanics modelling (MM2*-optimized) of the
stack structure (Fig. 1d).

Lyotropic mesophases form for a mixture of 2 and dodecane
(Fig. 3b). At relatively small 2/dodecane ratios (w/w), a nematic
columnar phase forms. The SAXD data (Fig. 4c) at a 1:1 ratio of 2
and dodecane indicate an intercolumnar distance of about 56.3 A
(at 100°C). In fact, the SAXD spectra at 60 and 80°C for the
lyotropic hexagonal columnar phase (Fig. 4c and d) are similar to
the spectra of the thermotropic mesophase (Fig. 4a and b). Differ-
ences are the larger intercolumnar distance (39. 8 A as opposed to
35.3 A, Fig. 3d) and the appearance of a rather sharp and strong
(001) reflection corresponding to an intracolumnar repetltlon
period of 17.5A (as opposed to the 14.3 A period seen in the
thermotropic liquid crystal). The relatively strong (001) reflection
suggests significant modulation of the electron density along the
columns as well as good positional correlation along the column
long axis.

Previous fullerene-containing mesogens were built by connecting
fullerene molecules to an inherently mesogenic unit'®"'®, whereas
the present design of the mesogen uses the molecular symmetry of
the Cqp to form anisotropic ‘nano-shuttlecocks’ that stack into a
one-dimensional columnar supramolecular structure. This design
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Figure 4 SAXD patterns of liquid crystals of 2-5. a, The SAXD spectra of thermotropic
liquid crystal of 2 at various temperatures. b, A more detailed view of the 4.5-7-degree
region at 60 °C. ¢, The SAXD spectra of lyotropic liquid crystal of a 50:50 mixture of 2 and
dodecane at 60-100 °C. The colour codes correspond to those used in Fig. 3b. The pink
box region is enlarged and shown in d. d, A more detailed view of the 4-5.5-degree
region at 60 and 80 °C. The SAXD profiles were recorded on a Rigaku small-angle X-ray
scattering analyser by confocal multilayer mirror.
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strategy should be applicable to a range of other molecules and
materials. In our system, the driving force for the stacking is the
aromatic/fullerene interaction in the concave cavity, and the incom-
patibility of the fullerene/aromatic system and the aliphatic side
chain/solvent system®*°. The RsCgoH core structure used here
exhibits electron absorption spectra and electrochemical properties
similar to those of its Cg parent®?, and we therefore expect that the
liquid crystalline material described here might exhibit interesting
optical and electrochemical properties. Moreover, the species
RsCgoH can be transformed into a variety of stable 5°-metal
complexes RsCsoM (where M is metal)”, such as a redox-active
ferrocene/fullerene hybrids*; this property might allow metal-
doping of the fullerene-based crystals and liquid crystals and thus
expand the scope of this type of material®. O
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The geochemical composition of the Earth’s upper mantle' is
thought to reflect 4.5 billion years of melt extraction, as well as
the recycling of crustal materials. The fractionation of rhenium
and osmium during partial melting in the upper mantle makes
the Re—Os isotopic system well suited for tracing the extraction of
melt and recycling of the resulting mid-ocean-ridge basalt’. Here
we report osmium isotope compositions of more than 700
osmium-rich platinum-group element alloys derived from the
upper mantle. The osmium isotopic data form a wide, essentially
gaussian distribution, demonstrating that, with respect to Re—Os
isotope systematics, the upper mantle is extremely hetero-
geneous. As depleted and enriched domains can apparently
remain unequilibrated on a timescale of billions of years, effec-
tive equilibration seems to require high degrees of partial melt-
ing, such as occur under mid-ocean ridges or in back-arc settings,
where percolating melts enhance the mobility of both osmium
and rhenium. We infer that the gaussian shape of the osmium
isotope distribution is the signature of a random mixing process
between depleted and enriched domains, resulting from a ‘plum
pudding’ distribution in the upper mantle, rather than from
individual melt depletion events.

During partial melting in the upper mantle, Re is mildly incom-
patible, whereas Os is strongly compatible, resulting in high Re/Os
elemental ratios in mid-ocean-ridge basalts (MORB) and corre-
spondingly low Re/Os ratios in the depleted solid residue left
behind®. As '*Re decays to '®’Os with a half-life of about 42 billion
years (Gyr) (ref. 4) the 870s/'% Qs ratios of MORB and depleted
mantle residue will diverge. The MORBs develop high, radiogenic
870s/'%0s ratios while the depleted mantle residues develop
relatively low, unradiogenic '®’Os/'**Os ratios. When MORB is
subducted back into the upper mantle re-equilibration with the
depleted mantle residue is expected to take place, but the timescales
and length scales on which this re-equilibration occurs are poorly
constrained. One expectation has been that the present-day upper
mantle would be characterized by a lower-than-chondritic
'¥70s/"#0s ratio reflecting the time-averaged depletion in Re as a
result of continuous extraction of MORB and preferential long-
term storage of slabs of oceanic crust in the lower mantle. Estimates
of the degree of slab isolation in the lower mantle vary widely, but
are made with the assumption that the upper mantle is homo-
geneous with respect to its '*’0s/'®0s evolution®”. However,
mounting evidence indicates that '*’0s/"**Os heterogeneities can
survive on long timescales in the upper mantle®'2. Examples
include the discovery of ancient (0.8—1.2 Gyr) melt depletion events
recorded in peridotite samples drilled from the young (~45 million
years, Myr) Izu—Bonin—Mariana fore-arc subduction zone’ and
large variations among the subchondritic '*’Os/'**Os ratios
measured in peridotite samples drilled from a single section of the
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