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For some time now (1–5), we have worked
on the development of a ‘‘molecular

construction kit,’’ analogous to the chil-
dren’s Tinkertoy† construction set, which
permits the assembly of complicated objects
from a limited set of rods, connectors, and
other simple building elements. The idea is
to do civil engineering with individual mo-
lecular components ranging in size from a
few to several dozen Å. A somewhat related
concept of ‘‘molecular Lego,’’ based on a
different set of structural elements, was
proposed (7) and developed (8) indepen-
dently by Stoddard. Both belong to the
wider category of ‘‘modular chemistry,’’ in
which a small number of mid-sized rigid
molecular structural elements are combined
into complex structures (9).

At the start of our project, a very limited
selection of types and lengths of straight
terminally functionalized molecular rods
and connectors was available. We synthe-
sized additional ones based on the oligomers
of [1.1.1]propellane ([n]staffanes) (10) and
on oligomeric 10-vertex and 12-vertex p-
carboranes (11). Other laboratories pro-
duced polycubyls (12), oligomers of
[2.2.2]propellane (13), additional oligomers
of 12-vector carboranes (14), and many rods
constructed from the more common p-
phenylene and acetylene subunits. A com-
bination of several types of such structural
elements permits one to achieve an accurate
match to a desired rod length. A recent
comprehensive review (15) makes it abun-
dantly clear that after a decade of effort,
considerable flexibility exists in the choice
of molecular rod lengths and properties.

After some initial experiments with point
(4) connectors, which function by forming
bonds from a central atom to the termini of
several rods, we turned our attention to star
(4) connectors, which function by forming a
bond between each of several star arm
termini to the terminus of a rod or of
another star arm. Various suitable star con-
nectors such as 1,3,5-trisethynylbenzene
(16) and hexaethynylbenzene (17) were al-
ready known and our laboratory provided a
few additional terminally functionalized tri-
gonal (18) and tetragonal (19) structures of
this type, as did others.

Early on, we were faced with several
decisions concerning the nature of the po-

rous objects to be built from our rods and
connectors: (i) Should they be free-floating
or attached to a surface? (ii) Should they be
limited in size (‘‘zero-dimensional’’) or ‘‘in-
finitely’’ periodic in two or three dimen-
sions? (iii) If periodic, should they be single
giant covalent molecules, or should they be
supramolecular—i.e., formed from re-
peated units held together by weak inter-
molecular interactions? (iv) Most impor-
tant, toward which purpose should their
production be directed?

Objective
After producing some dumb-bell-shaped
objects from our [n]staffanes for fun (20),
we soon decided to discontinue work with
free-floating structures. Surface-anchored
structures, although harder to make and
characterize, seemed more intriguing. A
beautiful collection of free-floating porous
polygonal and polyhedral molecules built
from rods and connectors has since resulted
from work at other laboratories (21–26).

Our initial decision concerning the size of
the objects to be built was in favor of two-
dimensionally periodic structures. The en-
gineering of nanoporous three-dimensional
crystals from molecular constituents was
already underway elsewhere (27) and has
since made great strides (28, 29), whereas
truly two-dimensional monolayer grids and
networks built from molecular rods and
connectors were unknown and developing a
general method for their controlled produc-
tion represented a challenge that did not
appear to be addressed in any other labo-
ratory. Later, we thought, it would be pos-
sible to use epitaxy to go into the third
dimension in an aperiodic fashion, by add-
ing several different layers on top of each
other in register. The resulting ‘‘designer
solids’’ would be quite distinct from ordi-
nary three-dimensional crystals.

We decided to make our two-dimensional
structures as sturdy as possible, and given
their extreme thinness, the choice of cova-
lent rather than supramolecular structures
seemed logical. It carried a significant pen-
alty in that under most common conditions
the formation of strong covalent bonds is
irreversible. This fact prevents the correc-
tion of random errors in the synthesis and
generates structures with high defect den-

sity. The two-dimensional synthesis would
therefore be limited to the relatively few
synthetic methods that form strong covalent
bonds reversibly, or else random errors
would have to be avoided by supramolecular
preorganization of the reacting components
performed under reversible conditions.

Assuming we could make sturdy two-
dimensional grids of controlled structure,
dimensions, and chemical functionalization,
what would they be good for? Following up
on earlier ideas (2–5) we are now concen-
trating on two options. A simple one is to
use the grids as ultrathin separation barriers,
more regular and thinner than those that
have been described to date (30). A more
challenging one is related to our interest in
surface-mounted dipolar molecular rotors
and propellers (31, 32): the grids could be
used as scaffolds for the fabrication of reg-
ular planar arrays of interacting dipolar elec-
trical rotors. Such arrays, assembled in a
controlled fashion, would be quite interest-
ing. They could be ferroelectric (hexagonal
or trigonal grids) or antiferroelectric
(square grids) (33), could support slowly
propagating waves of rotational excitation
(34–36), and might exhibit other interesting
dielectric and optical properties.

General Considerations
The way in which we decided to go about
producing two-dimensional grids was by lin-
ear coupling of arm-ends of star-shaped
monomers forced to adhere to a surface
with their arms parallel to the surface (4, 5,
37). The coupler is brought by diffusion
from a solution contacting the surface. A
schematic representation of the intended
synthesis is shown in Fig. 1. For this purpose,
the arms themselves, or alternatively, tenta-
cles attached to the connector especially for
the purpose, have to contain chemical func-
tionalities with a large affinity for a surface,
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and their adhesion has to be essentially
irreversible to avoid three-dimensional
cross-linking in solution during the coupling
step. Yet, the monomers have to be free to
rotate and translate in the surface if they are
to organize into a perfect grid. This condi-
tion suggested the use of a liquid–liquid or
air–liquid interface. These interfaces also
offer the advantages of no lasting imperfec-
tions such as steps and dislocations, and no
permanent surface structure that would dic-
tate a repeat period—this was important
because we were interested in general syn-
thetic procedures applicable to all rod
lengths and connector sizes. An additional
advantage of liquid–liquid and air–liquid
interfaces is the promise of permitting grids
to be harvested by fishing with a metal grid
of the kind used in electron microscopy, in
addition to other methods of transfer appli-
cable to both solid and liquid surfaces.

Our main concern about using air–liquid
and, particularly, liquid–liquid interfaces
was that they are not as sharply defined on
atomic scale as solid–liquid interfaces, and
might permit excessive vertical excursions of
the interfacially adsorbed material, which
would result in the formation of irregular
multilayered three-dimensionally cross-
linked structures. Two-dimensional cova-
lent coupling of molecules organized in a
Langmuir–Blodgett (LB) film at an air–
water interface had been described and
yielded sturdy insoluble films, but no evi-
dence for two-dimensional order was de-
tected (38). We did not want to encumber
our monomers with long alkyl chains that
might be necessary to force them to stay at
an air–water interface.

In the end, we decided to use mercury as
the subphase and to rely on chemisorption
rather than physisorption of the connectors
to its well defined surface. Polarographers
have investigated the adsorption of organic
molecules in the mercury–water interface
for many years (39), and firmly adhering
monolayers of anions, including organic
ones, such as oxalate (40), have been long
known. Among uncharged species, com-

pounds of the pyridine family (41) and those
containing sulfur (42) seemed particularly
promising as candidates for functionalities
that would assure firm chemical bonding of
our tentacles to the mercury surface.

The use of a metal as one of the phases
has other advantages. It facilitates in situ use
of grazing incidence spectroscopy, and of-
fers good control of adsorption by adjust-
ment of the surface potential. This could be
relevant for the ultimate removal of the grid
from the surface on which it was synthe-
sized. Another possibility is to sever the
tentacles chemically after they have served
their purpose, and we demonstrated this
successfully with trigonal connectors ad-
sorbed on gold (18).

A Covalent Two-Dimensional Grid
The very first cross-shaped monomer tested,
the anionic lanthanum sandwich complex of
tetrapyridylporphyrin that we prepared for
the purpose (ref. 37; Fig. 2), adsorbed firmly
on mercury under open circuit conditions
and was not removed even by boiling or-
ganic solvents, which merely exchanged the
counterion. This struck us as fortunate, be-
cause under identical conditions, tetrapyri-
dylporphyrin itself did not adsorb firmly.
We assumed that the difference is related to
the presence of negative charge on the sand-
wich complex and that at a suitable imposed
potential the latter would adsorb firmly as
well. We proposed that the strong adsorp-
tion might be due to mercury ions binding
the connectors and preorganizing them into
a continuous network. Because in our ap-
paratus the mercury was in contact with
copper, it was also conceivable that the
binding ions were copper. It was clear from
IR spectra that the porphyrin rings of the

adsorbed lanthanum complex were parallel
to the surface, suggesting that the four pyri-
dine rings of the bottom deck of the sand-
wich acted as tentacles and were adsorbed
on the surface, whereas those of the other
would be available for linking.

Treatment with p-xylylene dibromide as a
quasilinear coupling agent yielded a product
that still adhered well to mercury (43, 44).
IR spectra showed that it contained the
p-xylylene units and pyridinium rings as
expected, and that the porphyrin rings re-
mained parallel to the surface. For an ex-
amination of long-range order, we chose
scanning tunneling microscopy (STM). Un-
fortunately, STM cannot be done in situ on
liquid mercury (45, 46), and we decided to
transfer the product to highly ordered py-
rolytic graphite (HOPG) for imaging. This
involved boiling in hydrochloric acid to re-
move all mercury oxide impurities, casting a
very thin film of polystyrene over the sur-
face, transferring the film to an HOPG
surface, and dissolving the polystyrene. An
examination by atomic force microscopy
showed that the bottom surface of the poly-
styrene film that carried the grid was rough,
and the transfer undoubtedly caused folding
and mechanical damage. Nevertheless, the
images (Fig. 2) revealed a series of product
molecules in the form of flakes about 100–
150 nm across and 0.7 nm thick. Each flake
was composed of squares of the anticipated
size, arranged into a grid that was locally
ordered to a surprising degree, although the
overall order was poor and there were many
defects.

Two aspects of the result called for a
closer examination. First, the IR spectra of
the product were more intense than ex-
pected for a monolayer, and we were not

Fig. 1. Interfacial synthesis of two-dimensional
square (a) and hexagonal (b) grids from star-shaped
monomers. The freely floating monomers are first
adsorbed on a surface and then coupled into a grid.

Fig. 2. A quasilinear coupler (a, p-xylylene dibromide), a cross shaped monomer (b, lanthanum sandwich
complex of tetrapyridylporphyrin), an idealized structure (c), and an STM image (d) of a square grid.
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sure that the STM tip did not image merely
the bottom layer of several. The presence of
multilayers could be an artifact introduced
by the transfer to HOPG, but it could also be
an indication of problems with the initial
coupling on mercury. A better transfer pro-
cedure was needed, and it seemed best to
enlarge the size of the product molecules
sufficiently to permit fishing with a metal
net. Second, the local regularity within the
grid was striking, considering that the cou-
pling conditions were irreversible. We felt
that this supported the tentative proposal
(37) that mercury ions formed by oxidation
of the elemental liquid weakly bind to pairs
of pyridine nitrogen atoms, preorganizing
the cross-shaped connectors into a su-
pramolecular grid before the treatment with
p-xylylene dibromide. The pyridine arms in
the upper deck appear to be a little too long
compared with the N–Hg2�–N distance, but
a rotation of the upper deck relative to the
lower deck should permit the p-xylylene unit
to bridge them comfortably. There seemed
to be no close precedent to such formation
of a metal-ion-bound open grid on mercury,
but the formation of compact insoluble lay-
ers was well known as mentioned above, and
somewhat related metal-ion-bound su-
pramolecular grid formation on a graphite
electrode had been proposed (47).

Both an increase in the size of the product
molecules and an improvement in their reg-
ularity required an optimization and anneal-

ing of the supramolecular grid present be-
fore the coupling procedure. We therefore
postponed further work on the covalent grid
and the full publication of our results and
decided to first examine the putative metal-
ion-bound supramolecular grids in more
detail.

Cation-Bonded Supramolecular
Two-Dimensional Grids
We started by securing the collaboration of
an electrochemist from an institution with a
long tradition in polarography on mercury
electrodes, Lubomı́r Pospı́šil from the Hey-
rovský Institute in Prague, Czech Republic.
The work done so far has used star-shaped
molecules with tentacles containing one or
more thioether sulfur atoms. Four-armed
sandwich complexes of tetraarylcyclobuta-
dienecyclopentadienylcobalt carrying five
tentacles on the cyclopentadienyl deck (48;
L. Pospı́šil, N. Varaksa, T. F. Magnera, T.
Brotin, B. Noll & J. Michl, unpublished
results) and three-armed benzene deriva-
tives with three tentacles at the ends of the
arms (N. Varaksa, L. Pospı́šil, Z. Janoušek,
B. Grüner, B. Wang, J. Pecka, R. Harrison,
B. Noll, and J. Michl, unpublished results,
and refs. 49 and 50) were all found to
promote the anodic dissolution of mercury
at relatively negative potentials, forming
chemisorbed surface layers characterized by
low electrode capacitance. At somewhat
more negative potentials, capacitance in-

creased, suggesting that the solute was then
merely physisorbed, and at much more neg-
ative potentials, it was the same as in a pure
supporting electrolyte, showing no evidence
for adsorption at all. Simple thioethers did
not form such chemisorbed layers, suggest-
ing that the presence of multiple thioether
functionalities in a single molecule indeed
led to network formation.

As a first step in structural characteriza-
tion of the chemisorbed layer, we decided to
determine the surface area per redox center
and per connector molecule. Their mutual
relation would provide a convolution of
information on the number of redox centers
per molecule and on the number of elec-
trons exchanged by each. In perfect mono-
layer grids, a tetratentacled connector
would half-own four metal ions, and a tri-
gonal one, three. Because each ion could
exchange one (Hg�) or two (Hg2� or Hg2

2�)
electrons, two or four electrons could be
exchanged per a tetragonal connector, and
three halves or three per a trigonal one. A
pentatentacled monomer would not be able
to form a regular periodic grid, and would
perhaps be less likely to use all of its
thioether sulfur atoms for metal binding
efficiently. Electrochemical techniques gave
results that were of the right order of mag-
nitude, but they were not entirely satisfac-
tory because of practical limitations im-
posed by solubility and related factors.

For an independent determination of the
mercury surface area per connector mole-
cule under controlled potential conditions
at an interface with a liquid electrolyte, we
built (50) a trough that modified an LB
design developed for work on a mercury–air
interface (51) by adding a conducting su-
perphase (acetonitrile with a supporting
electrolyte) and by employing the mercury
pool as the working electrode in a three-
electrode electrochemical cell. This ‘‘elec-
trochemical LB trough’’ turned out to be a
very valuable tool.

LB isotherms were obtained first for two
pentatentacled molecules, one whose tenta-
cles were short and contained a single
thioether sulfur atom each, and another
whose tentacles were long and contained
two such sulfur atoms separated by two
methylene groups (L. Pospı́šil, N. Varaksa,
T. F. Magnera, T. Brotin, B. Noll & J. Michl,
unpublished results). The former formed a
firmly chemisorbed surface layer at poten-
tials less negative than that of the mercury
redox peak, in agreement with electrochem-
ical capacitance measurements. The surface
area per molecule corresponded well to
tight packing of the larger of the two decks
of the sandwich complex, the tetrasubsti-
tuted cyclobutadiene. At more negative po-
tentials, where capacitance measurements
suggest mere physisorption, the LB iso-
therms indicated nearly no resistance to
compression, which apparently causes the
adsorbed molecules to move into the super-

Fig. 3. Surface areas (a) for tetragonal connectors with five tentacles (b) on mercury–acetonitrile
interface determined from LB isotherms as a function of surface potential.
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phase. The LB results for the molecule with
five tentacles containing two sulfur atoms
apiece were more intriguing (Fig. 3). Here,
compression met with significant resistance
both at potentials less negative and those
more negative than the mercury redox peak,
but the extrapolated surface area per mol-
ecule was much larger (�4.5 nm2) in the
former region than in the latter (�3.3 nm2).
Again, this was in agreement with electro-
chemical data. It suggested first, that the
adsorption can remain firm even when the
mercury ions are reduced to elemental mer-
cury, and second, that the tentacles then
spread much less on the surface, permitting
a tight packing of the upper decks. The
mental image that we have of these mole-
cules is that of five-legged ‘‘daddy longlegs’’
spider resting on its belly with legs stretched
at less negative potentials and standing up at
more negative potentials, but this is yet to be
proven.

Especially clear-cut results were obtained
with trigonal connectors that contained one
thioether sulfur atom in each of the three
tentacles (N. Varaksa, L. Pospı́šil, Z. Ja-
noušek, B. Grüner, B. Wang, J. Pecka, R.
Harrison, B. Noll, and J. Michl, unpublished
results, and refs. 49 and 50). At potentials
more positive than �0.05 V, a value located
in the rising part of the mercury oxidation
wave (�0.1 V), electrode capacitance is
extraordinarily low and demonstrates the
presence of a firmly adsorbed and highly
organized surface layer. The LB isotherms
measured in this region are potential-
independent and yield an area of about 6.3
nm2 per molecule. At potentials more neg-
ative than �0.1 V, where capacitance values
correspond to physisorption, the LB iso-
therms show very little resistance and yield
a zero area per molecule—i.e., compression
easily removes the physisorbed solute into
bulk solution. The results of electrochemical
measurements show that the bridging mer-
cury cation is Hg2

2�, or less likely Hg2�, and
not Hgn

�, as initial results indicated (49),
but we are still performing additional
experiments.

Further in situ characterization of the
structure of the chemisorbed supramolecu-
lar grid is to be done by grazing incidence IR
spectroscopy. Ex situ characterization by
transfer to HOPG and STM imaging is
presently being attempted. Until these re-
sults become available, we cannot feel con-
fident about the structure of the grid. Nev-
ertheless, it is reasonable to ask whether it is
possible to propose a structure that is real-
istic and would fit the area per molecule
deduced from the LB isotherms.

If we assume a regular hexagonal grid
without defects, the observed molecular sur-
face area corresponds to a structure com-
posed of hexagons with an �2.2-nm edge
length between centers of benzene rings.
This is entirely reasonable for the structure
of the connector, considering the flexibility

of the tentacles. Molecular models sug-
gested two likely conformations of the ten-
tacle chain, differing strikingly in the orien-
tation of the S–Hg2�–S or S–Hg�–Hg�–S
link relative to the edge of the hexagon. In
one of these, the two are nearly parallel and
in the other, nearly perpendicular. Optimi-
zation of the two geometries with the AM1
method yielded planar hexagonal structures
with edge lengths of 2.7 and 1.9 nm, respec-
tively. Pending further investigation, we pro-
pose the latter structure for the observed
grid (ref. 50; Fig. 4), and attribute the dif-
ference between 2.2 and 1.9 nm to several
factors: the uncertainty in the nature of the
mercury ion (Hg2� was assumed in the
modeling), errors in the modeling, which
used a semiempirical Hamiltonian and ne-
glected the presence of the mercury surface
and of counterions, and imperfections in the
grid, which undoubtedly reduce the density
of surface packing.

Our original optimism with regard to
facile equilibration and annealing of the
supramolecular grid simply by keeping the
potential near �0.1 V may have been un-
founded, because of an unexpected discov-
ery of very remarkable substantial hysteresis
in the oxidative formation and reductive
removal of the grid. When the adsorbed
monolayer is first formed at a potential
more positive than �0.05 V and the poten-
tial is subsequently swept to more negative
values, reduction of the mercury ions is
observed at �0.1 V, but the adsorbed layer
survives intact until the potential reaches
�0.85 V. This is clear both from the capac-
itance curve and from the LB isotherms,
both of which remain entirely unchanged
until then. Yet, the monolayer does not
form spontaneously from solution at these
negative potentials. Its enormous metasta-
bility, presumably due to slow hole nucle-
ation, is puzzling, as one would not expect
neutral Hg atoms to hold the thioether
sulfur atoms of two tentacles together par-

ticularly well. However, it is not entirely
unprecedented in that the ‘‘five-legged spi-
der’’ molecules mentioned above are also
chemisorbed even after the mercury ions
are reduced.

Currently, we are examining connectors
whose tentacles contain pyridine rings. We
now expect to find that the lanthanum sand-
wich complex of tetrapyridylporphyrin in-
deed binds so well to the surface of mercury
because it builds a mercury ion bound
square grid already at open circuit potential.
It is reasonable that the negative charge of
this anion would facilitate the oxidation
process relative to the electroneutral tetra-
pyridylporphyrin itself, and the latter will
presumably form a similar grid at potentials
more positive than that of the open circuit.

In general, the hybrid supramolecular-
covalent approach to covalent grid forma-
tion seems promising, although it will be
necessary to adjust the length of the su-
pramolecular grid forming tentacles to con-
form to that of the covalent grid forming
arms separately in each case. For some
purposes, the ion-bonded supramolecular
grids may be adequate in themselves, par-
ticularly if they can be transferred to other
surfaces intact.

Hydrogen-Bonded Supramolecular
Two-Dimensional Grids
Along with metal ion coordination, hydro-
gen bonding is a favorite in the construction
of supramolecular structures under revers-
ible conditions. We felt that if we could
construct a weakly bound supramolecular
grid from connectors and hydrogen-bond-
ing linkers, perhaps the latter could be later
exchanged gradually for irreversibly bound
covalent ones of a similar size and shape. If
this were feasible without ever taking more
than a small fraction of the linkers out of the
grid, the regular structure might survive
intact until the grid is fully covalent. The
first question was, can the initial hydrogen-
bonded two-component supramolecular
grids be formed?

An examination of the effect of the
addition of hydroquinone and 4,4�-di-
hydroxybiphenyl on the LB isotherms of
tetrapyridylporphyrin on a water–air in-
terface encouraged us to believe that they
perhaps indeed form a regular square grid
in which the pyridine arms of neighboring
porphyrins are tied together by the dihy-
droxyarene linkers. When such water sur-
faces were formed on HOPG and the
water was evaporated, STM showed very
regular and very large domains of deposit
on the HOPG surface (Fig. 5). However,
they did not have the expected tetragonal
symmetry, and the best structural inter-
pretation that we could offer was that the
porphyrins were bound together by hyd-
roquinones as intended, but were ar-
ranged in alternating double rows of
macrocycles lying flat and standing per-

Fig. 4. Elementary unit of the hexagonal grid
structure proposed for a mercury–ion connected
trigonal connectors chemisorbed on mercury–
acetonitrile interface.
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pendicular (52). The orientations in which
the double rows ran were presumably dic-
tated by the direction in which the water

edge withdrew at the end of the evapora-
tion process. We are presently attempting
to avoid this distortion by the use of a

horizontal (Schäfer) transfer from water
surface to HOPG, and we are also working
with similar grids on a mercury–benzene
interface.

Perspective
We now appear to be tantalizingly close to
being able to synthesize both metal-bonded
and hydrogen-bonded regular two-dimen-
sional grids of arbitrary and controlled
square and hexagonal structure. Once their
domain size and defect density are accept-
able, we plan to probe their utility in the
fabrication of regular surface-mounted ar-
rays of dipolar molecular rotors. We also
hope to proceed with efforts to convert
these supramolecular structures into regular
free-standing covalent grids of potential
use as dipolar rotor carriers or separation
membranes.
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astic collaborators, whose names are given in
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National Science Foundation, the Department
of Energy, and the U.S. Army Research Office.
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