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example, the electron temperature of a hot plasma generating
hard radiation by Compton collisions) cannot be easily main-
tained in neutron star systems where strong, low-energy emission
from the star surface would cool the plasma by Compton
scattering'®. The soft group (hardness ratio <0.6), includes four
genuine neutron-star binaries: one accreting X-ray pulsar, and
three X-ray bursters. These sources have already been reported
to feature sporadic hard X-ray emission, but our analysis shows
now that they must actually be considered nearly persistent
sources of hard X-rays, systematically fainter and softer than
black hole candidates. Using the estimate of the hardness ratio
as a criterion to distinguish the nature of hard X-ray emitting
compact objects, we propose that the two sources
SLX1735—269 and GRS1743 —290 are also accreting neutron
stars. Note also that the sporadic broad high-energy feature
observed on three occasions by Sigma from 1E1740.7 2942
(refs 12-14) and probably related to positron annihilation pro-
cesses substantiates the hypothesis of the black-hole nature of
this source.

An important result of the Sigma deep survey of the Galactic
Centre is that the Galactic nucleus is silent above 35keV.
Although in the 75-150 keV band, the 1990-93 average luminos-
ity is definitely <2.4 x 10** erg s™' (20 upper limit for a distance
of 8.5 kpc), it is more difficult to determine such a compelling
limit in the 35-75 keV band, because of the presence of the
nearby source GRS1743—290. Although we can reject the
hypothesis that Sgr A* is the counterpart of GRS1743—290
(probability <107 for two degrees of freedom), the upper limit
of the 35-75 keV luminosity of the Galactic nucleus cannot be
set below 3.5 x 10 erg s™'. These limits can be compared to the
nearly contemporary data obtained by ART-P during autumn
1990 (ref. 6). The rather flat spectrum (a=1.6) of Sgr A*
measured by ART-P (and extrapolated to the adopted Sigma
energy bands) implies luminosities respectively 3 and 5.7 times
higher than the quoted upper limits in the 35-75 and the 75-
150 keV bands. Even considering the uncertainties in the ART-
P spectrum, our data imply a break in the Sgr A* X-ray spectrum
at a critical energy, probably between 20 and 40 keV. As a conse-
quence, the total 3-150 keV luminosity of Sgr A* cannot exceed
2.5x10%°ergs™", a value which must be compared to the
Eddington luminosity of a black hole of 10° solar masses that
is, ~10* erg s~'. In the hypothesis that a massive black hole at
the Galactic nucleus accretes matter from the close (~0.04 pc)
hot star cluster IRS156 via powerful stellar winds, the limit on
the black hole mass which can be derived from our hard X-ray
upper limits, and from the break we predict in the X-ray spec-
trum, is still rather controversial®>*¢, because it depends strongly
on the assumptions made about the model and radiation mecha-
nisms. Our results definitely show that if an accreting massive
black hole resides at the Galactic nucleus, it does not efficiently
convert to hard X-ray and soft y-rays the potential energy pro-
vided by accretion of the IRS16 star-cluster wind, and it clearly
does not behave like a scaled-down active galactic nucleus. In
addition, past detection of a variable narrow 511 keV line emis-
sion from the Galactic Centre region, although not localized,
has often supported the belief that a massive black hole resides
in the Galactic nucleus'. The lack of 511 keV line detection from
the Galactic nucleus itself—a Sigma upper limit of 2.45x 107*
photons cm ™25~ has been obtained for both 1E1740.7 — 2942
and Sgr A* (ref. 27)—does not rule out the possible presence of
a weak compact variable 511 keV source, but certainly implies
that the Galactic nucleus remains underluminous at the electron-
positron annihilation energy. O
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RESEARCH on microporous solids has focused largely on inorganic
materials such as aluminosilicates (zeolites), aluminophosphates,
pillared clays and other layered materials*. An elusive goal has
been the design of new materials with specific properties such as
selective adsorption and catalytic activity. It would be very useful
if the tools of molecular synthesis could be brought to bear on this
problem. Here we report the design, based on a modular approach,
and the crystal structure of an organic solid with large-diameter
(about 9 A) extended channels. The channels are formed from
planar, rigid macrocyclic building blocks. Onto the outer rim of the
macrocycles are attached phenolic groups, which form hexagonally
closest-packed two-dimensional hydrogen-bonded networks.
Extended channels result from the stacking of these layers in a
way that maintains registry between the macrocyclic cavities, and
these channels are filled with solvent molecules. This approach
potentially offers a simple means to exercise control over pore size
and shape in the solid state.

One of the difficulties in applying the methodology of organic
chemistry to the design of porous solids 1s the isotropic nature of
intermolecular interactions of organic molecules. This isotropy
generally leads to closest packings. Work has been carried out
on the use of more directional intermolecular interactions, such
as hydrogen bonds, to control solid-state organization®”’. Many
examples of one-dimensional chains as well as two- and three-
dimensional hydrogen-bonded networks are known. Networks
have even been designed with the intention of creating large
cavities; however, in the solid state the networks tend to self-
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interpenetrate, filling the voids left in the initial host
structure® ’. Generally the end result is a dense structure,
although a nanoporous coordination network was reported
recently by Abrahams et al.'*. Solid-state organic hosts which
enclose guests in extended channels are well known, but usually
these channels are formed by intermolecular packing voids which
happen to lie along a common axis'>'®. Only a small number of
tubular clathrates are known in which the walls of the channel
are formed by the interior of a macrocyclic building block'” **.

We suggest that a promising approach to molecular-based
porous crystals would involve the use of high-symmetry, multi-
coordinating macrocycles made of stiff units that resist buckling
even in the solid state. Depending on the nature of the macrocy-
cle, even closest-packed motifs of such building blocks could
exhibit significant porosity, with the added advantage that clos-
est packing would prevent interpenetration. Hence macrocycle
1 (Fig. 1) with phenolic groups on the exterior was synthesized’,
with the expectation that the phenolic groups would organize
intermolecular hydrogen bonding, leading to a two-dimensional
hexagonal network. Based on the known aggregation
behaviour”"”* of the macrocycles, it was postulated that these
layers might pack atop one another in such a fashion that
extended channel structures would be generated.

Crystals were grown by the slow diffusion of methanol into a
solution of 1 in ethanol in a 1-mm sealed capillary tube. The
lattice was found to be trigonal with cell dimensions a=
20.660 (8) and ¢=9.998 (7) A. The systematic extinctions,
together with Ry, showed the space group to be P3, (no.
144) or equivalently P3, (no. 145). As the molecular itself is a
toroid of approximately 18 x 18 x 3.5 A, it is clear by comparison
to the unit cell dimensions that no more than three molecules
can occupy the primitive cell. Furthermore, as there is only one
site of symmetry in P3,, and this site has 3-fold multiplicity, we
concluded that there is only one crystallographically inequiva-
lent molecule per unit cell. The orientation of this single molecule
can be unambiguously deduced from the Patterson function
(note that as the molecule is of D, symmetry and as the mol-
ecules lie normal to the ¢ axis, all bonds of 1 are in the same
directions of the Patterson map). Molecule 1 is nearly rigid, and
so the only remaining variables needed for an initial solution
were the x and y coordinates of the centre of the crystallograph-
ically inequivalent molecule. They were determined by systematic
trial and error. Allowing the molecule to relax from a perfectly
planar geometry resulted in an R factor (R;) of 32.4%. At this
point, solvent molecules consisting of 12 ethanol, 6 methanol
and 3 water molecules appeared in the Fourier map (Fig. 2).
The density observed by the flotation method was close to the

FIG. 1 Left, molecular formula of compound 1. Right, single layer motif
from the crystal structure of 1 parallel to the (001) plane. The macro-
cycles form a two-dimensional hexagonal closest packing stabilized by
hydrogen-bonding interactions. Inciuded solvent molecules have been
removed for clarity.
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TABLE 1 Crystal data for compound 1 at —140 °C

Crystal system
Space group
Cell parameters

Trigonal

P31(144) or P3,(145)
a=b=20.660 (9) A
¢=9.998(7)A
a=p=90°

y=120°

z 3

Volume 3,695.5 (33) A®
Octants used for data collection Full sphere
No. of reflections refined 2,704

No. of parameters 130

Unweighted agreement factor (R4) 0.1758 (F>40)
0.1816 (all data)
0.67 electrons per A®
1.157

Highest peak in the final difference map
Goodness of fit

Experimental details: diffractometer, Syntex P2, IV; Mo u 4Mo Ka)=
0.075 mm™*; (Mo Ka)=0.710734 A, Lp corrected; 8,246 reflections
collected; number of reflections >4.0 (o (f)=2,391; computing
structure solution, SHELXTL PLUS; computing structure refinement,
SHELXL-93; reflections were refined based on F2 by full matrix least-
squares.

calculated  density (calculated, 1.29gcm *; observed,
1.24 gcm ™). Solvent molecules were at positions compatible
with hydrogen bonding to the hexaphenol and with reasonable
bond distances and bond angles for ethanol and methanol. Dis-
order in the solvent atoms was apparent from their thermal
parameters, especially for those carbons furthest removed from
the hydrogen-bonded oxygen. The disorder observed in the sol-
vent is in sharp contrast to macrocyclic atoms which were well
resolved in subsequent electron density maps. Isotropic refine-
ment led to a final R, factor of 17.58 for 2,391 reflections
(F>4.00) and 130 parameters (Table 1)**. The bond angles
and distances are in accord with the chemical structure of the
molecule. The Fourier difference map showed a residual electron
density of 0.67 electrons A ™.

The structure is layered, with each layer consisting of sheets
of macrocycles hydrogen-bonded to one another forming a two-
dimensional closest-packed structure (Fig. 1). Of the two com-
mon types of aromatic packing modes®, namely the stack and
herringbone patterns, efficient packing in the latter is prevented
by the topological constraints of macrocyclization and the drive
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FIG. 2 Difference Fourier diagram for 1 (projected along the mean plane
passing through atoms of the macrocyle) before the solvent molecules
were added to the model. The peaks in the difference Fourier map
coincide with the positions of the oxygen atoms of the solvents in the
final model.
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to optimize hydrogen bonding. The stack mode further benefits
from efficient van der Waals contacts and electrostatic inter-
actions between aromaltic rings in adjacent layers {see below).
Each hydrogen-bonded motif {without the solvents) in a sheet
could be described according to Etter's terminology as an R}
(32) graph set™. The QO-O distance between two hydrogen-
bonded phenols is 2.69 A and the angle C-O-O is 117.2°. If
we were to assume a geometrically calenlated position for the
hydrogen atoms, whereby the C-O-H angle is 120° (C-O-H
angle in hydroquinone by neutrou diffraction was found to be
121.0%), then the O-H---O angle of the hydrogen bond is 175.4°,
very close to the optimum value of 180° (ref. 26). To achieve
this optimum hydrogen bonding, there is a slight twist in the
macrocycles with respect to the « axis. Each sheet has two types
of holes: (1) the 9-A hole generated by the macrocycle and (2)
the 9.3-A hole generated by the hydrogen bonds. Each of these
cavities is filled with solvent molecules which hydrogen bond to
the macrocycles and with one another. Methyl and methylene
groups from the solvent molecules fill space in the cavities of
adjacent layers, as well as in the layer from which they originate.
The sheets are separated by 3.33 A and stack in an . . ABCABC. .
sequence of cubic closest packing, identical to that of j-
graphite’”. This stacking aligns the macrocycles in such a way
as to generate an cxtended channel 9 A in diameter running
parailel to the ¢ axis (Fig. 3a). Proper registry between macro-
cycles in adjacent layers is crucial for extended channels. This
alignment seems to be achieved by van der Waals and electro-
static interactions between aromatic rings of adjacent layers. The
slight lateral offset between aromatic rings seen in Fig. 3b is a
common feature of the stack pattern and has been attributed to
optimization of electrostatic interactions {minimization of z-x
electron repulsion and maximization of the interaction of posi-
tively charged hydrogen atoms of one ring with the negatively
charged n-electrons of an adjacent ring)**. Each macrocycle has
six nearest neighbours in a layer and three from each of the
adjacent layers, making a total of 12 macrocycles at van der
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FIG. 3 a, Spacefilling rendition of 1 viewed along the [010] axis.
Extended channels with a diameter of ~9 A are clearly visible. b, Pack-
ing diagram of three layers viewed along the [010] axis (left) and a
schematic showing their relative arrangement (right). With reference to
Fig. 1, the central hexagon in the middle layer (red) has a total of 12
nearest neighbours (6 in the same layer, 3 in the upper layer (blue),
and 3 in the lower layer (green). The layers are stacked in the
sequence ... ABCABC . .. of cubic closest packing.

Waals distances (Fig. 3b). If we were to represent each molecule
as a sphere located at the centre of the macrocycle, the structure
reduces to that of a face-centred cubic arrangement. Because of
the large holes within the macrocycles, the framework atoms
only occupy about half the total cell velume. The remaining
void space is largely filled with solvent molecules.

The synthesis of new macrocycles opens up a number of pos-
sibilities. Because sections of the desired channel are pre-
assembled with covalent bonds before crystallization, the size
and shape of the channel’s cross-section are dictated by the mac-
rocycle’s inner geometry. Also, as the organic building blocks
can be readily modified, one can in principle tailor the micro-
scopic cavity environment. Work is in progress to incorporate
metal-coordinating functional groups to assemble binary
organic-inorganic networks with concomitantly stronger inter-
molecular bonds. O
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