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C O N S P E C T U S

Metallosupramolecular compounds have attracted a great deal of attention over the past two decades largely because of
their unique, highly complex structural characteristics and their potential electronic, magnetic, optical, and catalytic proper-

ties. These molecules can be prepared with relative ease using coordination-driven self-assembly techniques. In particular, the use
of electron-poor square-planar Pt(II) transition metals in conjunction with rigid, electron-rich pyridyl donors has enabled the spon-
taneous self-assembly of a rich library of 2D metallacyclic and 3D metallacage assemblies via the directional-bonding approach.
With this progress in the preparation and characterization of metallosupramolecules, researchers have now turned their atten-
tion toward fully exploring and developing their materials properties.

Assembling metallosupramolecular compounds on solid supports represents a vitally important step toward developing their
materials properties. Surfaces provide a means of uniformly aligning and orienting these highly symmetric metallacycles and met-
allacages. This uniformity increases the level of coherence between molecules above that which can be achieved in the solution
phase and provides a way to integrate adsorbed layers, or adlayers, into a solid-state materials setting. The dynamic nature of
kinetically labile Pt(II)-N coordination bonds requires us to adjust deposition and imaging conditions to retain the assemblies’ sta-
bility. Toward these aims, we have used scanning tunneling microscopy (STM) to image these adlayers and to understand the fac-
tors that govern surface self-assembly and the interactions that influence their structure and stability.

This Account describes our efforts to deposit 2D rectangular and square metallacycles and 3D trigonal bipyramidal and chiral
trigonal prism metallacages on highly oriented pyrolytic graphite (HOPG) and Au(111) substrates to give intact assemblies and
ordered adlayers. We have investigated the effects of varying the size, symmetry, and dimensionality of supramolecular adsor-
bates, the choice of substrate, the use of a molecular template, and the effects of chirality. Our systematic investigations provide
insights into the various adsorbate-adsorbate and substrate-adsorbate interactions that largely determine the architecture of each
assembly and affect their performance in a materials setting. Rational control over adlayer formation and structure will greatly
enhance the potential of these supramolecules to be used in a variety of applications such as host-guest sensing/diagnostic sys-
tems, molecular electronic devices, and heterogeneous stereoselective synthesis and catalysis.

Introduction
In recent years, considerable attention has been

paid to the design and synthesis of molecular

materials and devices.1 As a result, a host of fas-

cinating molecules have been developed that

exhibit desirable electronic, magnetic, photonic,

mechanical, and sensing/diagnostic properties,1,2

giving rise to the nascent field of molecular nano-
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technology. The properties of most examples of molecular

materials have been investigated through solution phase stud-

ies. While the solution phase lends itself to a wide variety of

analytical techniques, it is, perhaps, not the most beneficial

environment for the operation of advanced materials because

it generally lacks coherence, prohibiting large-scale unifor-

mity and coordination in the operations of functional materi-

als. Assembling molecules on surfaces, however, imparts a

very high degree of coherence in their orientation, alignment,

and packing provided that well-defined, uniform adlayers of

the absorbates can be obtained.3 Furthermore, solid surfaces

provide a means of integrating molecular adlayers with well-

known and thoroughly studied material substrates (e.g., SiO2,

gold, ITO, HOPG, etc.) in a conventional device setting.4 To

fully take advantage of the benefits of surface adsorbed

molecular materials, it is necessary to obtain a high level of

understanding of the factors that govern and control the

assembly of uniform, ordered adlayers.

A number of powerful top-down fabrication techniques

have been developed, particularly by Whitesides5 and oth-

ers,6 for the creation of patterned molecular monolayers. Elec-

tron-beam, soft, and photolithography allow for intricately

designed surfaces to be tailored for specific applications. Most

top-down techniques, however, have limitations5 below

50-100 nm2. As an alternative to top-down protocols, bot-

tom-up strategies7 have been developed for the preparation

of molecular films and self-assembled monolayers (SAMs). In

this regard, molecular self-assembly and self-organization

have attracted considerable attention.

Self-assembly is a natural and spontaneous process that is

of ever increasing importance in chemistry and materials

science.8-10 Molecular self-assembly relies upon the various

strengths of noncovalent interactions to bring together prede-

signed building components to construct complex supramol-

ecules similar to how the same process is done throughout

nature.11 The use of noncovalent interactions allows the

assembly process to be thermodynamically controlled, most

often resulting in the formation of a single, discrete supramol-

ecule. In this regard, self-assembly is able to quite literally

build complex molecules from the bottom-up and is an

increasingly used strategy for nanofabrication, which is a

promising supplement to microfabrication techniques.12-15

Over the past two decades, many metal-ligand coordina-

tion-based motifs for the self-assembly of metallosupramolecules

have been developed and explored.16-21 These metallosu-

pramolecules possess ample functionality such as catalytic, pho-

tophysical, electronic, or redox properties22 and are ideal building

blocks for sensors,23 information storage materials,24 and nano-

devices.25 In particular, by combining rigid, electron-poor metal

acceptors, such as square-planar Pt(II) metal centers, and rigid,

electron-rich organic donors, often pyridyl- or nitryl-containing

molecules, we have systematized the “directional-bonding”

approach16 to coordination-driven self-assembly. Carefully

designing component building units allows for a variety of two-

dimensional (2D) metallacycles16b,c and three-dimensional (3D)

metallacages16a,b to be prepared under mild reaction conditions

in high isolated yields (typically >95%). These supramolecules

have been extensively studied in the solution phase and in the

solid state. Much less is known, however, about their conforma-

tions and behavior on solid surfaces. Understanding the forma-

tion of stable metallosupramolecular adlayers is a significant

fundamental step toward the fabrication of nanostructures and

nanodevices and requires a powerful means of fully character-

izing such surfaces. Scanning probe microscopies, in particular

scanning tunneling microscopy (STM) and electrochemical STM

(ECSTM), have proven to be powerful tools for studying surface

adlayers.26-30 STM has unparalleled high and spatial resolu-

tion and is able to provide real-time, real-space 3D structural

information of surfaces up to atomic resolution. High-resolution

images provided by STM can be used to determine the stability

of adlayers as well as the structural details of adsorbed mole-

cules such as their orientation, alignment, and nearest neighbor

proximity. STM also provides a means for determining how small

changes in the chemical structure of adsorbates translate into

changes in the adsorption, mobility, lateral interactions, and

architecture of the resulting molecular adlayer.

To date, numerous organic, inorganic, and biological mol-

ecules have been assembled on solid surfaces under ultra-

high vacuum (UHV), ambient, and solution deposition

conditions.3 There have been few literature reports,31-34 how-

ever, on the adsorption of metal-coordinated metallosu-

pramolecules on surfaces. Schalley and co-workers, for

example, have successfully templated adlayers of supramo-

lecular squares34a and chiral rhomboids34b on Cl--modified

Cu(100) surfaces and demonstrated that a combination of

adsorbate-substrate Coulombic and adsorbate-adsorbate

van der Waals interactions governed the adlayer

conformation.

Over the past few years, we have successfully prepared

multiple well-defined adlayers of metallosupramolecular

assemblies on solid surfaces and have characterized their con-

formations using STM.35-38 A variety of large, complex coor-

dination compounds, differing in their size, geometry,

dimensionality, and chirality, have been utilized in the forma-

tion of monodisperse adlayers. These surface-confined

supramolecules represent an impressive display of higher-or-

Metallosupramolecular Architectures on Solid Surfaces Li et al.

250 ACCOUNTS OF CHEMICAL RESEARCH 249-259 February 2009 Vol. 42, No. 2



der assembly wherein both the metal-organic supramolecules

and the adlayers themselves are formed by spontaneous self-

assembly under mild conditions. This Account summarizes our

recent successes in the formation and characterization of met-

allosupramolecules on solid surfaces.

Formation of Self-Assembled Architectures
on Solid Surfaces
Molecules and supramolecules can be assembled onto sur-

faces by a variety of methods.3,5,6,12-15,39 Common among

them are ultrahigh vacuum (UHV),3 solution deposition/im-

mersion,39 and Langmuir-Blodgett.40 The dynamic nature20

of metal-organic dative bonds in most supramolecular coor-

dination assemblies, however, can complicate the adlayer for-

mation process. For example, evaporation techniques under

UHV require heating samples at high temperatures that induce

dissociation of coordination bonds. Furthermore, it has been

observed41 that dissociation can occur during solution phase

assembly because competitive equilibria may exist between

the metal substrates and the kinetically labile coordination

bonds in the metal-organic supramolecules. It is possible,

however, to form well-defined adlayers of supramolecular

architecures on surfaces such as Au(111) and highly oriented

pyrolytic graphite (HOPG) under mild conditions at ambient

temperatures and in an electrolyte solution.

The three solution phase methods we have used in the for-

mation of adlayers of metallosupramolecular assemblies are

shown in Scheme 1. Solution deposition is used for the prepa-

ration of adlayers on HOPG (Scheme 1A) whereby a drop of solu-

tion containing the desired molecule(s) is deposited on an

atomically flat surface of freshly cleaved HOPG. The adlayer is

observed following evaporation of the solvent. The formation of

supramolecules on metallic crystals such as Au(111) involves

immersion of the metallic solid in a solution containing the met-

allosupramolecule(s) for a period of several seconds to minutes

(Scheme 1B). The solution can be organic (e.g., ethanol or tolu-

ene) or aqueous electrolyte depending on which environment

allows the adsorbate to retain its chemical structure without dis-

sociation. For metallosupramolecules that are soluble in H2O, an

aqueous solution of the adsorbate can be prepared and directly

added to an electrochemical cell in an electrochemical STM

(Scheme 1C). The use of metals such as Au(111) in an electro-

chemical environment requires that the electrode potential

applied to the substrate be controlled at the double layer region

where no redox reaction(s) can occur.

Adlayers of 2D Metallosupramolecules on
Au(111)
Metallosupramolecules exhibit ample functionality with a high

degree of symmetry as well as unique morphologies16-21,42,43

and are promising candidates for materials applications. Their

potential uses may be better exploited when incorporated onto

solid surfaces where their high symmetry can allow for the for-

mation of precisely aligned, uniform adlayers and lead to

enhanced coherence and potential amplification of their desir-

able materials properties.44 Prior to fabricating metallosupramol-

ecule-based hybrid devices, however, it is necessary to gain an

understanding of the conformations adopted by adsorbates on

different surfaces. Toward this aim, adlayers of three 2D

supramolecular metallacycles, two rectangles45 and one square46

(Figure 1), have been formed on Au(111) surfaces and are

imaged by ECSTM. Though the structures of the two supramo-

lecular rectangles are quite similar and largely symmetric, they

do differ significantly in the length of their long edges: 2.1 nm

for 1 and 3.1 nm for 2. Insight into the effects of size can be

gathered through comparisons of these two rectangular

supramolecules. The structure of supramolecular square 3 is

slightly more complex. The X-ray suprastructure of the square

shows that two sets of PPh2 ligands point inward along one diag-

onal, while along the other diagonal they point outward, allow-

ing for the effects of this decrease in symmetry to be examined.

Figure 2A is a typical STM image of the adlayer formed by

small rectangle 1 on a Au(111) surface.35 A highly ordered

adlayer of the rectangle extends as a single domain across the

atomically flat terrace of the Au(111) surface. Rows of rectan-

gles extend along the A and B directions and cross each other

at an angle of 90° ( 2°. In the high-resolution STM image

(Figure 2B), each supramolecular rectangle appears as a set of

four bright spots, highlighted by white ovals, corresponding to

the anthracene and bipyridyl moieties of 1. The dimensions

of each supramolecular rectangle are 2.0 nm × 1.2 nm, con-

sistent with the size of the rectangle previously determined

from X-ray crystallography.45 Packing of rows along the B
direction of the adlayer closely resembles their arrangement

within the a-c plane of the crystal of 1. In the 3D crystal,

SCHEME 1. Schematic Representation of the Three Techniques
Used in the Self-Assembly of Metallosupramolecular Adlayers on
HOPG and Au(111) substratesa

a (A) Solution deposition; (B) substrate immersion; (C) aqueous in situ adsorp-
tion. RE ) reference electrode; CE ) count electrode; WE ) working electrode.
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however, adjacent rows in the a-c plane are packed more

tightly than they are in the 2D adlayer. Each molecule pre-

serves its rectangular shape with a dark depression in the cen-

ter (Figure 2B). The intermolecular distance and molecular

conformation demonstrate a flat-lying orientation of the

supramolecular rectangle on the Au(111) surface. This orien-

tation, with the plane of both the anthracene and bipyridyl

aromatic moieties oriented parallel to the Au(111) surface,

maximizes favorable Au-π interactions, while weaker van der

Waals forces govern the long-range lateral ordering of the

adlayer. A unit cell is described in Figure 2B, and a structural

model for the adlayer is proposed in Figure 2C.

The large-scale STM image shown in Figure 3A reveals the

well-ordered adlayer of the large supramolecular rectangle 2 on

Au(111).36 The structural details of the adlayer are shown in the

high-resolution STM image (Figure 3B). Bright rows of rectan-

gles are observed along direction A, adopting a similar planar ori-

entation as they do along the b-c diagonal in the solid state.

Separate individual molecules could be found on the Au(111)

surface and were used to image an individual rectangle, as

shown in the high-resolution STM image in the upper right cor-

ner of Figure 3B. The molecule appears to contain two dark

depressions, which correspond to the space between the bis-Pt(II)

anthracene acceptors and the phenylene units of the linear 1,4-

bis(4-ethynylpyridyl)phenyl donors. The dimensions of each mol-

ecule were measured at 3.0 nm × 1.1 nm, consistent with the

size of the rectangle determined from X-ray crystallography.45 A

unit cell is shown in the high-resolution figure. These details

demonstrate a flat lying orientation of the rectangle on the

Au(111) surface, preserving its rectangular shape and, as with

FIGURE 1. Chemical structures and space-filling models of (A) “small” supramolecular rectangle 1, (B) “large” supramolecular rectangle 2, and
(C) supramolecular square 3.

FIGURE 2. (A) Large-scale and (B) high-resolution STM images
showing the face down orientation of the adlayer of rectangle 1 on
Au(111) and (C) unit cell and proposed structural model of the
adlayer.
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rectangle 1, maximizing Au-π interactions. A structural model is

proposed in Figure 3C. It is interesting to note that adjacent rows

of the smaller supramolecular rectangle 1 form a more staggered

adlayer on Au(111) than do adjacent rows of the larger supramo-

lecular rectangle 2. This subtle change in the lateral ordering and

difference in adlayer orientation likely results from increased

intermolecular van der Waals interactions between the long

edges of rectangle 2 compared with the shorter edges of rect-

angle 1.

Figure 4A shows a large-scale STM image of the supramo-

lecular square (3) adsorbed on a Au(111) surface.35 While the

adlayer consists of regular rows of square 3 extending in the A
and B directions and forming an angle of 90°, the adlayer does

not extend as far as adlayers of rectangles 1 and 2, reflecting a

difference in adlayer stability likely caused by the lower symme-

try of supramolecular square 3. The structural details are seen in

the high-resolution STM image (Figure 4B). Each molecule

appears as a square with a dark depression in the center. The

molecular size of the square is determined to be 2.1 ( 0.1 nm

on each side, consistent with crystal parameters.46 The PPh2

groups can be clearly distinguished in the high-resolution image.

None of the four sides of the square are flat, owing to the differ-

ent orientations of the PPh2 ligands of 3. Therefore, the metal-

lacycles adopt a face-down orientation with their interior cavities

oriented parallel to the substrate. The crystal structure of square

3 reveals that the supramolecules stack into channels along the

b-axis while along the a- and c-axes they align into regular rows

similar to their adlayer structure, though neighboring molecules

pack more closely in the crystal. It is believed that, in the absence

of Au-π contacts, adlayer stability and ordering is achieved pri-

marily through weaker intermolecular van der Waals interac-

tions, possibly contributing to the difference in adlayer stability.

A unit cell is superimposed on the STM image of Figure 4B, and

a schematic model for the supramolecular adlayer on a Au(111)

surface is proposed in Figure 4C. The observations gathered by

studies of 2D rectangular and square metallacycles on Au(111)

lend considerable insight into the effects of size and symmetry

on the formation of adlayers of self-assembled metallosupramol-

ecules.

Substrate Effects on Metallosupramolecular
Adlayers
It is well-known that the adsorption of single organic mole-

cules on solid surfaces is primarily governed by intermolecu-

lar and molecule-substrate interactions and that every stable

adlayer reflects a thermodynamic minimum that maximizes

the contributions of these interactions.3 To date, however,

there are few studies investigating the effects of substrate on

metal-organic coordination compounds. In order to investi-

gate the effects of different solid supports on adlayer confor-

mations, we investigated adlayers of the large supramolecular

rectangle 2 on HOPG and have resolved their packing

arrangement and internal molecular structure.36

FIGURE 3. (A) Large-scale and (B) high-resolution STM images showing the face down orientation of rectangle 2 on Au(111) and (C) unit cell
and proposed structural model of the adlayer.

FIGURE 4. (A) Large-scale and (B) high-resolution STM images of
the adlayer of square 3 on Au(111) and (C) unit cell and proposed
structural model of the adlayer.
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Adlayers of the supramolecular rectangle were prepared by

depositing a drop of 2 (10-6 M in toluene) onto a freshly

cleaved HOPG surface. Figure 5A is a large-scale STM image

of 2 adsorbed onto HOPG.36 The molecules organize into a

well-ordered two-dimensional array with regular molecular

rows. Careful examination of the high-resolution STM image

(Figure 5B) shows that the prominent components of the

molecular adlayer are rows of bright lines. The lines are

observed to extend along the A direction with a length of 3.1

( 0.1 nm, while along the B direction the neighboring lines

are interdigitated and form a close-packed arrangement.

When viewed along the B direction, the distance between two

bright lines is 1.2 ( 0.1 nm. The length of these lines along

the A direction is consistent with the dimensions of the long

side of the supramolecular rectangles.45 These results indi-

cate that each bright line corresponds to a single rectangle

and that the rectangles stand vertically with their long edges

perpendicular to the plane of the HOPG surface, similar to

their crystal packing along the a-axis of the crystal. A proposed

model of the supramolecular rectangular structure is shown in

Figure 5C, as is a unit cell.

The observation that supramolecular rectangle 2 adopts

two completely different orientations on Au(111) (Figure 3)

and HOPG (Figure 5) surfaces demonstrates that adlayers of

self-assembled metal-coordinated supramolecular architec-

tures can be dominated by solid supports. Substrate-
adsorbate interactions are weaker between rectangle 2 and

HOPG than they are between 2 and Au(111), presumably due

to the strong Au-π interactions that are maximized when the

supramolecular rectangles lay flat with their aromatic planes

parallel to the surface. Self-assembly on the HOPG surface, on

the other hand, is primarily governed by intermolecular π-π
and van der Waals interactions between adjacent rectangles,

causing the rectangles to adopt a close-packed 2D molecular

network with a vertical orientation of the molecules.

In light of the differences observed between adlayers of the

supramolecular rectangle 2 on Au(111) and HOPG surfaces,

the conformation of the smaller supramolecular rectangle 1
was also investigated on HOPG. However, all attempts to form

well-ordered adlayers of 1 on HOPG were unsuccessful, high-

lighting the effects that size and the choice of substrate can

have on adlayer formation. The formation of well-defined

adlayers of the supramolecular rectangle 1 is likely hindered

by its smaller size (2.1 nm × 1.2 nm) compared with rectan-

gle 2 (3.1 nm × 1.2 nm). Given that intermolecular forces are

the primary driving force for the formation of such adlayers on

HOPG, the decreased surface area of rectangle 1 subsequently

decreases the extent to which intermolecular π-π and van

der Waals interactions can help stabilize a self-assembled

adlayer, prohibiting adlayer formation.

Control of Adlayer Formation with a
Molecular Template
With the goal of fabricating functional materials in accordance

with the “bottom-up” strategy of materials science and molec-

ular nanotechnology comes the necessity to be able to ra-

tionally design and control molecular structures at the

nanoscale. Therefore, in an effort to tune the self-assembly of

the small supramolecular rectangle 1 from a disordered

adlayer on HOPG to an ordered one, a molecular template has

been employed.37 With this strategy, the disordered molecu-

lar architecture previously observed on HOPG is regulated into

an ordered adlayer with monodispersion.

The choice of template is critical when attempting to achieve

a templated self-assembly of any molecule on a solid substrate.

Many interactions (template-template, adsorbate-template,

template-surface, and adsorbate-surface) contribute to the suc-

cess or failure of templated assembly. These interactions, along

with appropriate size complementarities, constitute the major

driving forces for templation and monodispersion. In the case of

templating supramolecular rectangle 1 on HOPG, a triple-armed

amphiphile, 1,3,5-tris(10-carboxydecyloxy)-benzene (TCDB), was

selected. The structural details of the TCDB template on HOPG

are revealed in the high-resolution STM image (Figure 6A).37 The

bright spots in the image correspond to the TCDB benzene core,

and the chains are the carboxydecyloxy “arms”.47 An important

structural feature in the image is the existence of quasi-rectan-

FIGURE 5. (A) Large-scale and (C) high-resolution STM images
showing an edge down orientation of the adlayer of rectangle 2 on
HOPG and (C) proposed structural model.
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gular cavities, as indicated by unfilled ovals. The carboxy func-

tionalities of adjacent arms strive to maximize the number of

strong hydrogen-boding interactions, thus leaving regular, well-

formed tetragonal voids between the stretched out arms of TCDB

within the adlayer whereas related triply symmetric benzoic acid

templates typically form hexagonal honeycomb networks.48 As

measured with STM, the size of each cavity is 2.4 nm × 1.3 nm

((0.2 nm). A unit cell for the adlayer is outlined in Figure 6A. Fig-

ure 6B is a proposed structural model of the hydrogen bound,

self-assembled 2D network. TCDB was chosen as a potential tem-

plate for 1 given the high degree of complementarity between

the dimensions of the cavity formed in the TCDB adlayer and

those of supramolecular rectangle 1: 2.1 nm × 1.2 nm.

To test the ability of TCDB to act as a template for 1, an

ethanolic solution (<10-4 M) containing a TCDB/rectangle

mixture (1:3) was deposited on a HOPG surface. With the

assistance of the TCDB molecular template, the disordered

adlayer previously observed upon deposition of supramolecu-

lar rectangle 1 on HOPG was successfully regulated into an

ordered self-assembly with monodispersion.37 Figure 7A is a

large-scale STM image of the mixed adlayer. Dashed lines

indicate the existence of several domains, each with extend-

ing molecular rows. Similar molecular arrangements exist in

each domain. As seen in both the large-scale (Figure 7A) and

high-resolution (Figure 7B) images, the adlayer differs from

both the pure, ordered TCDB adlayer and the pure, disordered

rectangle adlayer. The most noticeable difference is the

appearance of well-dispersed bright ovals. Throughout the

adlayer, these bright ovals are positioned where the dark

vacancies in the pure TCDB adlayer had been, indicating that

the supramolecular rectangles have become entrapped in the

molecular template forming an ordered assembly. The dimen-

sions of the bright ovals are 2.1 nm × 1.2 nm, which match

those of the supramolecular rectangle. A unit cell for the struc-

ture is outlined in Figure 7B, and a structural model is pro-

posed in Figure 7C. Unit cell parameters of a and b closely

resemble those of the TCDB networks in Figure 6A, although

the unit cell angle R is increased from 75° to 90°.

The successful self-assembly of the supramolecular rectan-

gles on a HOPG surface is achieved because of intermolecu-

lar template-rectangle interactions and the complementarity

between the structural parameters of the TCDB adlayer and 1.

It is striking that the supramolecular rectangles lay “flat” on the

HOPG surface, analogous to their conformation35 on Au(111)

(Figure 2) as opposed to lying perpendicular36 to the HOPG

surface as do the related, larger supramolecular rectangles 2

(Figure 5). The length of and intermolecular hydrogen bond-

ing between the alkyl chains of TCDB determine the size and

shape of adlayer cavities, which can promote the entrapment

of appropriately sized molecules47 or supramolecules37

through stabilizing van der Waals interacions. The flexibility of

the alkyl chains enables the TCDB template to undergo minor

structural changes in order to accommodate guests without

disrupting the underlying stability of the template adlayer. For

example, the unit cell parameter R changes from a slightly

rhomboidal 75° in the pure TCDB adlayer to a rectangular 90°

in the mixed adlayer to accommodate the entrapped rectan-

gles and maximize the stabilizing van der Waals interactions.

Altogether, the combination of geometric parameters and

intermolecular TCDB-1 and TCDB-HOPG interactions pro-

mote the template-directed self-assembly and monodisper-

sion of supramolecular rectangles 1 on an HOPG surface, thus

demonstrating a highly desirable degree of control over

adlayer formation.

Adlayers of 3D Metallacages on Au(111)
In addition to 2D metallacyclic supramolecules, 3D metalla-

cages have also been shown to form ordered adlayers on

Au(111).35,38 The assembly of 3D supramolecules on surfaces

presents a more complex situation than 2D assemblies given

the more complex shapes that can be formed in three dimen-

sions. The D3h-symmetric trigonal bipyramid,49 TBP (Figure

8A), for example, appears as a 3-fold symmetric propeller-

shaped supramolecule when viewed from above but when

viewed from the side appears as a rectangle. Chiral assem-

blies such as the chiral trigonal prism CTP (Figure 8B), which

has two C3-symmetric enantiomers, present an additional level

of complexity when assembled on a surface. 3D supramol-

ecules can orient along a greater number of nonequivalent

axes on a surface than is possible for 2D assemblies. None-

theless, ordered adlayers of TBP and CTP have been formed

on Au(111).

FIGURE 6. (A) High-resolution STM images of the TCDB molecules
adsorbed on HOPG. Unfilled ovals indicated by arrows highlight the
existence of voids in the adlayer. (B) Chemical structure of TCDB as
well as proposed structural model and unit cell of its adlayer on
HOPG.
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Figure 9A shows a typical STM image of a well-ordered

adlayer formed when a Au(111) bead is immersed in a solu-

tion of TBP.35 The high-resolution STM image (Figure 9B)

reveals the details of the cage adlayer. Within each ordered

row are repeating sets of nine bright spots, each correspond-

ing to one supramolecular TBP cage. Models of the TBP cage

are superimposed (Figure 9B) on the adlayer, and white cir-

cles indicate one set of nine bright spots that makes up a sin-

gle metallacage. The trigonal prisms orient along the A

direction such that their propeller “blades” are interdigitated,

while along the A-B diagonal the faces of their bis-Pt(II)

anthracenyl moieties align roughly parallel. This orientation

likely maximizes intermolecular van der Waals interactions

and provides stability to the adlayer. It is interesting to note

that similar interdigitation is not observed in the X-ray struc-

ture of the TBP, highlighting a significant difference between

the 3D stacking (X-ray) and 2D ordering (adlayer) of the 3D

supramolecules. A unit cell for the adlayer is outlined in Fig-

ure 9B. A model for the adlayer is proposed in Figure 9C.

A slightly more complex situation arises when chiral 3D

supramolecules are assembled on a Au(111) surface. Figure

8B shows the chemical structure of the chiral trigonal prism,50

CTP, as well as space-filling models of its helically chiral MMM

and PPP enantiomers. The assembly of chiral supramolecules

on solid substrates opens the possibility of forming chiral sur-

faces, which may find applications in heterogeneous stereo-

selective synthesis and catalysis. Immersion of a gold bead in

a 10-6 M racemic mixture of the CTP in EtOH results in the

formation of well-defined chiral domains.38 A typical large-

scale STM image of the adlayer of the CTP is shown in Fig-

FIGURE 7. (A) Large-scale and (B) high-resolution STM images of the adlayer formed upon templation of 1 by TCDB on HOPG. Not every
TCDB void is filled, as indicated by the white arrow in panel B. (C) Proposed structural model and unit cell of the mixed adlayer.

FIGURE 8. (A) Chemical structures of donor and acceptor building blocks (at left) that self-assemble to form a trigonal bipyramidal (TBP)
metallacage, as well as top and side views of the TBP X-ray suprastructure, and (B) chemical structure (at right), as well as top and side views
of molecular models, of the MMM and PPP enantiomers of a chiral trigonal prism (CTP).

FIGURE 9. (A) Large-scale and (B) high-resolution STM images of
the adlayer of TBP on Au(111) and (C) proposed structural model
and unit cell of the adlayer.
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ure 10A. Spontaneous symmetry breaking is observed,

resulting in the formation of separated, locally chiral domains

of MMM and PPP helical enantiomers, indicated as I and II.

These domains cross, forming an angle of 25° ( 2°. The

supramolecules lie edge-down on the gold substrate while

projecting one of their three flat faces upward as in the side

view shown in Figure 8B. Each trigonal prism appears as four

bright spots arranged around a central bright spot, correspond-

ing to the four pyridyl moieties and the Cp-Co center of the

tetratopic donor. The orientation of the four pyridyl spots

around their central Cp-Co spot distinguishes each enanti-

omer. The dimensions of the supramolecular entities are 1.5

nm × 1.4 nm ((0.2 nm), consistent with the side view of the

CTP obtained from molecular modeling. As seen in the high-

resolution STM image (Figure 10B), each row of supramolecu-

lar trigonal prisms is composed of repeating sets of three

supramolecules (indicated as 1, 2, and 3) that differ slightly in

their conformation with respect to the underlying Au(111) sur-

face. It has not been possible to assign the absolute configu-

ration of the two chiral domains because neither enantiopure

surface has been prepared due to the lack of availability of the

individual enantiomers.

A high-resolution image of the junction of two chiral

domains is shown in Figure 11A.38 The upper left domain has

been arbitrarily assigned as being composed of MMM enan-

tiomers with the lower right domain being composed of PPP

enantiomers. The positions of the regularly repeating rows in

the MMM and PPP domains are aligned differently on the

underlying Au(111) surface. These differences are made more

explicit in the orientations of sets of ten MMM and PPP enan-

tiomers superimposed on their respective domains and in the

rhomboidal unit cells indicated by dashed white lines in each

domain. A structural model of the junction, where the rela-

tive orientations of the chiral domains have been taken from

STM images and have been preserved upon transposition

onto a simulated Au(111) surface, is given in Figure 11B. Sin-

gle enantiomeric trigonal prisms are shown in the upper left

(MMM) and right (PPP) corners, clearly displaying their mirror

image relationship. An angle of 26° is formed where the two

domains cross along the θ direction of the substrate. Unit cells

are the same in both chiral domains. The observation of

domain separation of a racemic mixture of supramolecular

trigonal prisms sheds light on the process of self-assembly of

chiral moieties on 2D substrates, indicating that the adsorp-

tion of a trigonal prism of one chirality likely “seeds” the

adsorption of like-chirality prisms. Given that the

adsorbate-substrate interactions between MMM and PPP

enantiomers of the CTP are the same, these results again high-

light the vital importance of intermolecular interactions, which

in this example must be stronger between adsorbates of the

same absolute configuration than between enantiomeric pairs.

Conclusion
Constructing and controlling supramolecular architectures that

exhibit desirable structural as well as electronic, magnetic, cat-

alytic, photonic, and other properties is a constant challenge

in materials science. The results presented in this Account

demonstrate that various metallosupramolecular architectures

can be built under mild conditions by employing facile self-

assembly methods. The supramolecules retain their chemi-

cal structures without dissociation, a necessary requirement for

FIGURE 10. (A) Large-scale STM image of the adlayer found upon
deposition of a racemic mixture of the CTP on Au(111). Separate
chiral domains are indicated as I and II. (B) High-resolution STM
image displaying regular rows of repeating units of a single
enantiomeric domain.

FIGURE 11. (A) High-resolution STM image and (B) proposed model of the junction of two domains of opposite chirality on Au(111).
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the construction of robust materials. STM has proven to be an

indispensable and powerful tool for characterizing the struc-

tural details of these supramolecular surface adlayers. The

results shed new insight into the adsorption, mobility, stabil-

ity, and lateral interactions that play an important role in fab-

ricating metallosupramolecular architectures and that depend

upon the chemical nature and symmetry of the substrate and

the influence of substrate-molecule interactions. Ultimately,

these studies contribute to the knowledge base that is a pre-

requisite of, and necessary for, the “bottom-up” nanofabrica-

tion of molecular devices.

It is likely that the first examples of molecular materials

based upon integrating metallosupramolecules with solid sup-

ports will be those that take advantage of the reduced sym-

metry of a 2D surface. Metallacycles that form adlayers with

their supramolecular cavities oriented parallel with the sur-

face are well suited to be used as hosts that are capable of

selectively binding a variety of guests based upon size and

shape complementarity as well as noncovalent host-guest

interactions. Metallosupramolecular assemblies with magnetic

or electronic properties will likely benefit from surface adsorp-

tion, because orientational control can be utilized to align

spins or orbitals, respectively. Heterogeneous surface cataly-

sis may be envisioned wherein the alignment of catalytic

active sites can be tailored to be selective for particular chem-

ical transformations on the basis of metallosupramolecular

adlayer structure. While there is still much to be done in order

to bring these goals to fruition, thorough investigations of the

preparation, observation, and control of metallosupramolecu-

lar adlayers on surfaces are an essential aid in the develop-

ment of such materials.
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