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Host—guest chemistry in two-dimensional
supramolecular networks

Joan Teyssandier, Steven De Feyter and Kunal S. Mali*

Nanoporous supramolecular networks physisorbed on solid surfaces have been extensively used to immobilize
a variety of guest molecules. Host—guest chemistry in such two-dimensional (2D) porous networks is a rapidly
expanding field due to potential applications in separation technology, catalysis and nanoscale patterning.
Diverse structural topologies with high crystallinity have been obtained to capture molecular guests of different
sizes and shapes. A range of non-covalent forces such as hydrogen bonds, van der Waals interactions,
coordinate bonds have been employed to assemble the host networks. Recent years have witnessed a surge
in the activity in this field with the implementation of rational design strategies for realizing controlled and
selective guest capture. In this feature article, we review the development in the field of surface-supported
host—guest chemistry as studied by scanning tunneling microscopy (STM). Typical host—guest architectures
studied on solid surfaces, both under ambient conditions at the solution—solid interface as well as those
formed at the ultrahigh vacuum (UHV)-solid interface, are described. We focus on isoreticular host networks,
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Introduction

Host-guest chemistry is one of the defining concepts of supra-
molecular chemistry which describes the formation of unique
structural complexes between two or more molecules or ions
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hosts functionalized pores and dynamic host—guest systems that respond to external stimuli.

via non-covalent interactions. Although historically developed
in organic and aqueous solutions, there is increasing interest in
implementing the principles of supramolecular host-guest
chemistry to systems assembling on solid surfaces. The presence
of a solid surface not only ensures a high degree of crystallinity
in the host network thus enabling an efficient capture of guests, but
it also provides additional stability to the resultant host-guest
complex via molecule-surface interactions. Surface assembled
host networks often exhibit specificity in guest binding akin to
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that found in enzymes, yet have crystalline structures emulating
naturally occurring porous materials such as zeolites. Furthermore,
such nanostructured host surfaces'” can be readily integrated into
real-life functional supramolecular systems leading to potential
applications in separation technology, molecular sensing and
catalysis.

Similar to host-guest chemistry in solution, molecular recogni-
tion lies at the heart of host-guest chemistry studied on solid
surfaces. The mutually specific recognition between the host net-
work and the guest molecules occurs over very small length scales,
however scanning tunneling microscopy (STM)'™ has made it
possible to observe such guest binding in real time at submolecular
resolution, provided that the self-assembly takes place on an
atomically flat conductive surface. In conventional solution phase
host-guest chemistry, a molecular recognition event is often
inferred from indirect means such as changes in chemical shifts
(NMR), measurement of heat change (calorimetry), or changes in
the photophysical properties (UV-Vis absorption). The experimental
data from such measurements provides information on the
strength and selectivity of intermolecular interactions allowing
chemists to construct a step-by-step picture of the process.
Although such techniques are now highly evolved and are
scientifically rigorous, they lack the immediate visual appeal of
microscopy based measurements where one can directly ‘see’ the
structure of the host-guest complex. In this context, STM not
only provides structural information of the host-guest com-
plexes, but if appropriate conditions are met, it also allows to
follow dynamic aspects of such systems, thus capturing mole-
cular recognition events in real time.> STM has evolved as a
versatile surface science technique for studying host-guest inter-
actions over the past two decades and it can function in diverse
type of environments ranging from the solution-solid interface®
to ultrahigh vacuum (UHV) conditions.”

A surface-confined host network is often obtained via self-
assembly of an organic molecule onto a solid surface. The host
network contains voids in the form of shallow (single molecule
thick) nanowells where the guest molecules can adsorb. The
host networks are typically sustained by either hydrogen bonding
or van der Waals (vdW) forces, however halogen bonding® and
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metal-ligand coordination® have also been used. The host net-
works formed at the solution-solid interface are also believed to
be stabilized by (dynamic) co-adsorption of solvent molecules.'
If the size and shape of the guest match with that of the voids, it
gets immobilized on the surface within the host network. At the
solution-solid interface, immobilization of guest molecules
occurs at the expense of solvent desorption as the guest species
often have higher adsorption energy compared to solvent molecules.
The guest stabilization often occurs via attractive dispersion
interactions with the host network as well as with the underlying
surface. Thus, host-guest chemistry on surfaces is often ‘surface-
assisted’. Alternatively, the host as well as the guest species can
be brought onto the surface simultaneously.

Solution-solid interface offers a more dynamic and thus
relatively complex environment than UHV conditions due to
competitive influence of molecule-solvent and solvent-surface
interactions in addition to the intermolecular and molecule-
surface interactions which are ubiquitous in the self-assembly
processes on solid surfaces. The host and the guest molecules
may or may not interact in a typical ‘host-guest’ fashion in
solution but such interactions unravel only upon adsorption
onto the surface. Furthermore, solution-solid interface provides
favorable conditions for molecular dynamics such that guest
binding takes place at or close to equilibrium conditions.* The
choice of surfaces however, is limited under ambient conditions.
Typically, stable surfaces that do not undergo oxidation are
chosen. Highly oriented pyrolytic graphite (HOPG) and Au(111)
are most commonly used, however MoS, has also been used
for self-assembly experiments under ambient conditions.'>"?
Although the solution-solid interface provides a ‘real-life’ view
of the assembly process, the UHV environment has unique
attributes such as ultra-clean environment and choice of variety
of surfaces. Deposition of molecules is typically carried out
using organic molecular beam epitaxy (OMBE) technique. This
method allows precise control over the layer thickness and the
molecular ratios. A much wider variety of surfaces are accessible
which include different crystal facets of metals such as Au, Ag,
Cu, Pt, Pd etc.” SiB(111) has also been used for host-guest
chemistry under UHV conditions."* Since the assembly occurs
in vacuum, temperature of the surface can be precisely con-
trolled, which permits both controlled annealing and imaging
at low temperatures.

The nature of the surface is crucial factor in host-guest
chemistry as it essentially governs the mobility of molecules
upon adsorption, and thus, the ability to self-repair. Although
annealing at higher temperatures can induce the necessary
dynamics (often practiced under UHV conditions), the temperature
window accessible for experiments carried out at the solution-solid
interface is often limited due to evaporation of the solvent. This
becomes a serious concern in the case of metals, which tend to
interact relatively strongly with aromatic molecules.’® There-
fore, controlling organization and achieving long-range order
in self-assembled networks of physisorbed molecules is often
challenging on metal surfaces compared with HOPG due to
higher diffusion barriers. As a consequence, HOPG has been the
surface of choice for studying multicomponent self-assembly

This journal is © The Royal Society of Chemistry 2016
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under ambient conditions and more than two components have
rarely been co-crystallized on metals.'®"”

A number of similarities exist between the host-guest strategies
employed on surfaces and those exercised in solution. Both
intrinsically porous (containing permanent covalent cavities) as
well as extrinsically porous host networks are studied on
surfaces. Intrinsic porosity is inherent to the chemical structure
of the molecule when a single molecule is considered in
isolation. Examples of intrinsically porous hosts include macro-
cyclic compounds such as cyclodextrins,'® crown ethers,"’
calixarenes®® and other shape-persistent macrocycles.'® On
the other hand, extrinsic porosity results from non-covalent
(or covalent) assembly of the constituent molecules, which is
usually not intrinsic to the isolated building block. A vast
majority of studies carried on solid surfaces have focused on
extrinsically porous systems made up of relatively smaller,
judiciously chosen molecular components that self-assemble
upon adsorption to yield a host network. By default, a host-
guest system consists of two-components (with the exception of
auto host-guest systems>"** where the host forming molecules
themselves act as guests) however, higher order multicomponent
systems consisting of up to four different*>** molecular components
have been reported where more than one type of guest mole-
cules are assembled in a parent host network. It must be noted
however, that although every host-guest system is a multi-
component system, every multicomponent system may or
may not represent a host-guest system.>®> While most 2D host
networks formed on solid surfaces are made up of periodically
arranged building blocks, non-periodic porous networks have
also been reported.?®*’

In this feature article, we provide a brief account of the
progress made in surface-supported host-guest chemistry by
highlighting important examples from literature. The article is
structured as follows. After briefly introducing the pioneering
examples, we describe in detail, well-characterized families of
host networks which exhibit isoreticular topologies with scalable
cavities. Novel host systems such as supramolecular organic frame-
works (SOFs),”® and covalent organic frameworks (COFs)* are also
described in this section. The second half of the manuscript includes
the survey of various aspects of host-guest chemistry including

o B B
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dynamic multicomponent systems, selectivity in guest binding
and stimulus responsive systems. In the final section we provide
a brief summary and outlook.

Emergence of surface-confined
host—guest systems

Single molecule thick, 2D porous networks appeared on the
scene in early 2000s. One of the first of such examples is the
pioneering report on hydrogen-bonded porous hexagonal net-
work formed by benzene-1,3,5-tricarboxylic acid (trimesic acid,
TMA Fig. 2a) on HOPG.?” TMA is an archetypal building block
that forms a cyclic hexamer via resonance stabilized hydrogen
bonding. The basic unit of the hexagonal porous structure is a
hydrogen bonded TMA dimer. In this study, which was carried
out under UHV conditions, two different polymorphs, namely
chicken-wire (also called honeycomb) and flower structures,
were observed (Fig. 1a and b). The flower structure consists of
relatively denser arrangement of TMA molecules compared to
the chicken wire structure. Both networks exhibit a hexagonal
lattice where the TMA molecules form a rim around periodi-
cally arranged, supramolecular cavities with an internal vdw
diameter of ~1.1 nm. These hydrogen-bonded networks are
extremely versatile and can be fabricated on a variety of solid
surfaces both under UHV conditions as well as at the solution-
solid interface.**** TMA network remains one of the most
robust self-assembled host network to date and has been
utilized to immobilize molecular guests such as coronene,*
heterocirculenes® and C4,*® based on size and shape comple-
mentarity. This early work on TMA cemented the foundation of
host networks based on strong, highly directional hydrogen
bonding interactions between carboxylic groups.®”

One of the early examples of surface-confined host-guest
chemistry involved a fairly complex bicomponent host network.
It was obtained upon co-adsorption of PTCDI with melamine.**
These two molecules have complementary hydrogen bonding
sites such that each melamine molecule forms three hydrogen
bonds with PTCDI. Co-deposition of the two molecules onto a
silver terminated silicon surface resulted in the formation of an

Fig. 1 Early examples of host—guest systems. STM images of the (a) Chicken wire and (b) flower structure of TMA self-assembled network on HOPG.
(c) STM image showing entrapment of heptameric Cgq clusters in the PTCDI-melamine host network assembled on Ag terminated silicon surface.
(d) Schematic of the PTCDI-melamine host—guest system. Reproduced from ref. 30 and 31 with permission from Wiley-VCH and Macmillan Publishers

Ltd, respectively.

This journal is © The Royal Society of Chemistry 2016
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open honeycomb network with melamine adsorbing on the
vertices and PTCDI forming the edges of the honeycomb lattice.
Sublimation of C¢o on such preformed host network resulted in
entrapment of heptameric Cgo clusters inside the hexagonal
voids (Fig. 1c and d). The surface coverage of Cq, guests could
be tuned by increasing its dosage leading to a Cg, terminated
bilayer which was supported by the underlying PTCDI-
melamine host network.*! These early reports provided classic
examples where a supramolecular synthon strategy realized in
solution and/or in the solid state was directly applied to surface
assembly.>®

Isoreticular self-assembled host
networks

The search for novel materials and functions has remained one
of the major driving forces behind supramolecular chemistry
research. Given that structure determines function, the study
and manipulation of supramolecular structures is the elemental
step in the pursuit of that goal. Scalability of voids within porous
structures is a challenging aspect in supramolecular chemistry
and material science. The basic strategy consists of changing the
pore dimensions and/or the chemical functionality of the host
network by changing the size of the building block while
maintaining the same network topology. Commonly known as
isoreticular synthesis - a term coined first in the context of
metal-organic frameworks (MOFs), this strategy reflects the
high-fidelity of supramolecular synthons. Higher pore size leads
to the possibility of trapping either larger guest species or higher
number of guests per cavity.

While increasing the size of the organic building block can be
readily achieved via organic synthesis, translation of the increased
size into higher pore dimensions is not always straightforward.
This is because, molecular packing, whether in the solid state
or on surfaces, is largely governed by considerations of size and
shape - the so called principle of ‘close-packing’.*® Such close-
packing is enthalpically favored due to intimate intermolecular
contact. Thus, creating an open porous network at an interface
is often energetically expensive due to the lower adsorption
enthalpy per unit area of the resultant network. While smaller
molecules such as TMA can sustain open porous networks via
strong hydrogen bonds, scaling up the size of the building
block alters the balance between long-range anisotropic forces
such as hydrogen bonds and medium-range isotropic forces
such as van der Waals interactions. This often leads to collapse
of the porous networks into denser structures unless the
enthalpic loss in the formation of the open structure is com-
pensated via co-adsorption of guest species or solvent mole-
cules. Furthermore, the structures of self-assembled networks
critically depend on the type of surface, solvent, and solution
concentration (or coverage in UHV). Creating isoreticular host
networks thus requires a thorough understanding of inter-
molecular and interfacial interactions. Research efforts over
the past decade have culminated into fabrication of isoreticular
host-networks with pore diameters up to 7.5 nm.*’ In the
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following section we highlight a few families of isoreticular
host networks.

Based on hydrogen bonding between carboxylic groups

Hydrogen-bonded host architectures are one of the most frequently
encountered motifs due to the relatively strong and directional
nature of hydrogen bonds. Carboxyl groups are widely exploited
synthons for such motifs since they are endowed with unique
“self-complementary” hydrogen bonding ability where the
oxygen atom of the carbonyl group acts as a hydrogen bond
acceptor and the hydroxyl group acts as a hydrogen bond
donor. Thus, two carboxylic groups can form a cyclic dimer
interconnected by two equivalent hydrogen bonds. However,
apart from the cyclic dimers, other binding arrangements such
as trimers and catemers are also known to exist both in the
solid state as well as in surface assembled networks. The mere
presence of a carboxyl group however, is not a sufficient
criterion for obtaining a 2D (porous) network. At least three
appropriately placed carboxyl groups are required to form an
extended network based on hydrogen bonding. Phthalic acid,
isophthalic acid (ISA), terephthalic acid (TA) and TMA all
contain carboxyl groups, however only TMA forms an extended
porous network sustained by hydrogen bonds. Porous networks
of terephthalic acid have been reported though such assemblies
are stabilized by metal-organic coordinate bonds (vide infra).”

Although the first example on nanoporous TMA networks
was reported at the UHV-solid interface, a number of interesting
results were obtained while studying the self-assembled system
at the solution-solid interface (Fig. 2e and f). Typically, fatty
acids are used as solvents on HOPG surface. The dimensions of
the host cavities could be increased by adding rigid spacers
between the central benzene ring and the peripheral carboxylic
groups such that the original 3-fold symmetry is preserved.
1,3,5-Tris(4-carboxyphenyl)benzene (BTB, Fig. 2b) is a larger
analogue of TMA which consists of an additional phenyl spacer
between the central phenyl ring and each carboxyl group.
Similar to TMA, BTB self-assembles into a honeycomb porous
network sustained by resonance stabilized hydrogen bonds
(Fig. 2f and j). The porous BTB network has been obtained
both under UHV conditions** as well as the solution-solid***®
interface. It offers larger hexagonal cavities with a vdW dia-
meter of ~2.8 nm, more than two-fold increase than the
cavities of the TMA network. BTB shows rich self-assembling
properties with three additional structural polymorphs, the
relative occurrence of which depends on type of solvent,***®
temperature,*>*” solution concentration,”® and the polarity of
voltage applied to the sample.***®

Another homologue of TMA was obtained by insertion of a
phenylethyne spacer between the phenyl rings and the carboxyl
groups (BTrB, Fig. 2c). This compound also formed honeycomb
porous network at the solution-solid interface with cavity diameter
of ~3.5 nm (Fig. 2g and k).*® The next larger homologue, TCBPB
(Fig. 2d), however did not yield the expected isotopological honey-
comb network. TCBPB has a biphenyl linker between the central
phenyl ring and the carboxylic groups, relative to the structure of
TMA. Contrary to the aromatic carboxylic acids described above,

This journal is © The Royal Society of Chemistry 2016
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Fig. 2

Isoreticular host networks based on hydrogen bonding between carboxyl groups. (a—d) Molecular structures of TMA, BTB, BTrB and TCBPB. (e-h)

STM images of porous networks formed by TMA, BTB, BTrB and TCBPB, respectively. TCBPB forms a displaced chicken wire network. Panels (i—1) show
molecular models for the corresponding porous networks, respectively. Reproduced from ref. 37 and 41 with permission from the American Chemical

Society.

TCBPB furnished a deformed hexagonal porous network based on
energetically inferior Ar-CH---O— hydrogen bonding instead of
the anticipated one based on carboxyl group dimers. Estimations
of Gibbs free energy indicated that the so called ‘displaced chicken-
wire’ structure with vdW cavity diameter of ~3.5 nm is thermo-
dynamically favored compared to the hypothetical ideal honey-
comb network (Fig. 2h and i). The large size of the molecules
ensures that the molecule-surface interactions dominate the
assembly process. The higher packing density of the displaced
chicken-wire structure provides significantly large gain in adsorp-
tion enthalpy which cannot be compensated by the enthalpic gain
obtained upon formation of ideal hydrogen bonds, which would
lead to a network with lower packing density.*!

An alternate strategy towards TMA based isoreticular net-
works consists of introduction of an alkoxy chain in between
the phenyl ring and the carboxylic group. A series of such
compounds up to 10 carbon atoms in the alkoxy chain have
been reported to form nanoporous networks with varying cavity
sizes. Only the structural analogue with a carboxymethoxy
spacer formed an isotopological network akin to TMA, while
other derivatives yielded distorted porous networks upon sur-
face adsorption. The origin of network distortion lies in the
competitive influence of van der Waals interactions between
the alkoxy chains (which have a tendency to close-pack) and

This journal is © The Royal Society of Chemistry 2016

directional hydrogen bonding interactions between the terminal
carboxyl groups. While the networks are not necessarily isotopo-
logical to TMA, this design strategy is useful in building relatively
flexible host networks based on carboxyl hydrogen bonding. The
self-assembly and the host-guest chemistry of such ‘telechelic’ TMA
derivatives has been summarized recently.*

Besides the strong hydrogen bonds between carboxylic acid
groups, relatively weaker hydrogen bonding interactions are
also known to stabilize open porous structures. A unique
example consists of anthraquinone molecules self-assembled
on Cu(111) under UHV conditions.”® This honeycomb network
is sustained by hydrogen bonds formed between carbonyl
oxygens and aromatic hydrogen atoms and offers pore diameter
of ~5.0 nm. The primary unit is made up of a trimer of
anthraquinone molecules. The origin of this unusual host
motif lies in the delicate balance between intermolecular
attraction and substrate-mediated long-range repulsion. This
unusual host network further shows equally unusual guest
binding behavior. In contrast to the typical guest immobiliza-
tion observed in surface-confined networks, where the host
network directly interacts with the guest entity, carbon mon-
oxide molecules were found to be immobilized in the center of
the honeycomb cavity, away from the walls of the network. This
extraordinary capture of CO molecules within the host cavities

Chem. Commun., 2016, 52, 1146511487 | 11469
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was ascribed to presence of confined surface states. Gradual
increase in the surface coverage of CO molecules revealed a
discrete sequence in which CO guests occupy specific locations
within the cavity. Detailed calculations revealed that the
sequence in which these locations are occupied matches closely
with the energetic succession of the corresponding confined
state is reminiscent of the filling of electrons into an atomic
orbital diagram.>'

Based on van der Waals interactions between alkyl chains

Although van der Waal interactions intrinsically lack the
strength and directionality of hydrogen bonds, when used in
combination with an appropriate surface and molecular design
strategy, they are extremely effective in directing surface self-
assembly. Possibly the most commonly discussed type of van
der Waals interactions are those between close-packed (inter-
digitated) alkyl chains. The calculated interaction energy for
such chains is 7.9 x 107" J per methylene group, given that the
alkyl chain is flanked by other alkyl chains. On the other hand,
the energy of a two-fold O-H- - -O= hydrogen bond between two
carboxylic acid groups is approximately 60 kJ mol . It must be
noted however that, although the energy of van der Waals
interactions is typically less than that of hydrogen bonds,
collectively these interactions can compete with hydrogen
bonds. This means that sufficiently long alkyl chains can
stabilize the supramolecular network as good or better than a
single hydrogen bonding unit. Furthermore, alkanes/alkyl
chains are known to interact strongly with graphite surface
via attractive van der Waals interactions. Linear alkanes
thus form close-packed 2D lamellae on graphite, which are
stabilized via molecule-surface and molecule-molecule van der
Waals interactions. The strong adsorption of alkanes on the
graphite surface is a result of structural similarities between the
alkane backbone and the graphite lattice. The basal (0001)
plane of graphite has a 3-fold symmetry and the zigzag orienta-
tion of carbon atoms along any C; axis matches with that of an
all-trans alkyl chain. Moreover, the in-plane lattice constant of
graphite (2.46 A) matches closely with the distance between
every alternate methylene group (2.58 A) in an alkyl chain. This
fortuitous match allows the methylene groups of an all trans
alkyl chain to rest over the voids of the hexagons of graphite
lattice thereby providing an approximately commensurate
packing. The lateral spacing between alkanes is also dictated
by the distance between every other carbon row along the (1100)
directions of graphite (4.24 A). Thus, graphite lattice provides
epitaxial stabilization to alkanes/alkylated molecules.

A typical example where van der Waals forces have been
used as potent directional intermolecular interactions is the
porous networks of triangular phenylene-ethynylene macro-
cycles, commonly known as DBAs. These building blocks con-
sist of a rigid triangular or rhombic dehydrobenzo[12]annulene
core substituted with alkoxy or alkyl chains. The peripheral
chains stabilize the self-assembled network not only via
van der Waals interactions with the surface, but they also
function as highly directional intermolecular linkages by form-
ing a characteristic binding pattern commonly known as

11470 | Chem. Commun., 2016, 52, 11465-11487
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interdigitation. The basic unit of the honeycomb porous net-
work consist of a dimer of DBA molecules where the two
molecules interact with each other via van der Waals forces
between their interdigitated alkyl chains. The length of the
alkyl chains governs the distance between the DBA cores and
thus also the size of the hexagonal voids produced within the
self-assembled network.>>

While increasing the chain length appears a rather straight-
forward strategy, fabrication of large porous DBA networks
was not accomplished until the concentration dependence of
surface self-assembly was discovered. A unique facet of mole-
cular assembly at the solution-solid interface, the influence of
solution concentration on structure formation first came to
light in the case of DBAs.>® At relatively high concentrations,
DBA derivatives form a dense non-porous pattern however, the
network morphology changes to honeycomb porous when
dilute solutions are used. The two structures coexist at inter-
mediate concentrations. The two networks also differ in the way
the DBA molecules are adsorbed on the surface. All six alkyl
chains per molecule are adsorbed on the surface in the porous
network whereas one or more alkyl chains are desorbed from
the surface in the dense packing. The concentration depen-
dence arises from the different stabilities and molecular den-
sities of the two structures formed. At higher concentrations,
adsorption energy per unit area governs the network formation
and thus the close-packed dense network is favored. At lower
concentrations, the number of molecules available to cover the
surface is reduced and under such circumstances, porous
honeycomb structure is favored in order to maximize the
adsorption energy per molecule.

Furthermore, the concentration range over which the dense
to porous structural transition occurs depends the alkyl chain
length. The surface coverage of the honeycomb network follows
a linear relation with concentration for DBA derivatives with
smaller alkoxy chains, whereas for DBAs with longer alkoxy
chains, this relation is exponential. The adsorption energy per
unit area for the dense and the porous patterns are comparable
for DBAs with shorter chain lengths. As a consequence, DBAs
with shorter chain lengths preferentially form porous networks
over a wide concentration range. However, the energy differ-
ence increases with increasing chain length thus favoring the
close-packed non-porous structure for DBAs with longer
chains.”

Understanding of the concentration dependence of molecu-
lar self-assembly laid the foundation of isoreticular host-guest
networks based on van der Waals interactions between inter-
digitating alkyl chains. With an increment of 1.25 A per
methylene group in the alkyl chain length, the size of the
hexagonal pores in