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ABSTRACT

The fabrication of a future generation of (opto)electronic devices based on molecular components and
materials will require careful chemical design, coupled with assembly methods that permit precise
spatial orientation and arrangement of the functional molecules within device structures. Although
unimolecular electronics are already a laboratory reality, the variation in the arrangement of the
molecule within a molecular junction from measurement to measurement is considerable. Consequently,
controlling the precise geometry at the molecule—metal contacts is a long-standing and largely unre-
solved challenge. Here, a strategy to fabricate uniform unimolecular junctions distributed in a regular
pattern is reported. A monolayer of zinc metalloporphyrins, peripherally functionalised by bulky den-
drons, is used to provide a well-defined array of molecular binding sites with precise spatial distribution.
The dendrons are then photochemically cross-linked to form a robust base-layer. Parallel, uniformly-
spaced unimolecular structures are subsequently assembled on these binding sites through a layer-by-
layer (LbL) strategy. This LbL strategy proceeds through coordination of an a,w-amino functionalised
oligo(phenylene)ethynylene (OPE) molecule to the zinc ions of the metalloporphyrin template base-
layer. The structure is then extended through alternating self-assembled layers of (cross-linked) zinc
porphyrin and OPE. The coordination interaction between the zinc(Il) sites and the bifunctional OPE wire
ensures a high degree of registry between the layers and good electrical contact through the extended
arrays and offer fine control over the chemical composition.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

the electrical properties [5—9], variations in the individual response
of each junction have so far largely impeded translation of single

Many properties of advanced materials rely on well-organized
internal structures [1—3]. In this context, spatial orientation and
control of the molecular arrangement of functional molecules in
extended assemblies is of utmost importance in the fabrication of
next-generation molecular electronic and optical devices [4]. Thus,
whilst unimolecular electrode | molecule | electrode junctions are
already a reality, with combinations of molecular design, electrode
material and external gating all contributing to the fine-tuning of
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molecule electronics from the laboratory to device structures [10].
These inconsistencies arise from differences and fluctuations in the
molecular conformation, the electrode—anchor contact geometry,
or the electrode surface geometry within each junction [6,11,12].
Since molecular geometry is one of the dominant factors control-
ling the overall electronic properties of a junction, developing
efficient methods to fabricate multiple, uniform parallel unim-
olecular devices is a key target for research and development
[13—15].

In order to unify the molecular arrangement within a junction,
various studies have been carried out on dense, well-ordered
monolayers of the active molecule or on heterogeneous films in
which the active molecule is supported within an inert (non-
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conductive) monolayer [8,16—20]. Whilst the electrical properties
of these film-based junctions have often proven more reproducible
and robust than single-molecule junctions formed from sub-
monolayer distributions or from dilute solution [13,21-24],
strong coupling effects and other intermolecular interactions can
affect the properties of the individual molecules and/or the device
[25—27]. In turn, this leads to differences in the electrical properties
of single-molecule and thin-film junctions based on the same
molecule. Therefore, there is an on-going interest in the develop-
ment of methods that allow the fabrication of stable, large-area
molecular network of unimolecular devices, in which the mole-
cules are placed in defined positions on the surface relative to each
other, and at a sufficient distance to avoid potentially deleterious
intermolecular coupling effects.

The use of large ‘lily-pad’ anchor groups to control molecular
arrangement and intermolecular distances within multimolecule
junctions has met with some success, exemplified by the triaza-
triangulene platform (TATA) which has been functionalised by
various wire-like or switching motifs such as azobenzene de-
rivatives [28—30], porphyrins [31], phenylenes [32], or diary-
lethenes [33] and assembled into regular patterns over a gold
surface. However, such approaches lack a degree of flexibility, with
any desired variation in molecular function or structure requiring
challenging, pre-assembly synthetic processes. The ‘lily-pad’ an-
chor and the functional component also require cooperative design,
as the inter-molecule spacing can be influenced by the steric bulk of
the functional component if it exceeds the dimensions of the an-
chor [31].

A more modular approach to the construction of well-defined
platform for the parallelisation of single-molecule junctions has
been described by Morgado et al [34,35]. A self-assembled
monolayer of zinc(Il) octaethylporphyrin is used to provide a reg-
ular array of zinc binding sites over a HOPG surface. Alternate axial
coordination of 4,4’-bipyridine (bpy) to the zinc site and capping
with zinc(Il) octaethylporphyrin leads to the step-wise construc-
tion of conductive structures normal to the surface. Whilst
impressively long (ca. 14 nm) self-assembled 1D supramolecular
structures were formed by this step-by-step “bottom-up” proced-
ure, surface imaging revealed various defects and incomplete
monolayer formation. More recently, a sequential assembly of
prototypical iron porphyrins and axial ligands that can be steered
via temperature-programmed desorption under ultra-high vacuum
conditions has been reported [36]. Although highly effective, the
use of ultra-high vacuum conditions and thermal processing steps
can limit the applicability of this approach.

With these antecedents in mind, we have developed a versatile,
modular layer-by-layer (LbL) strategy for the assembly of well-
ordered, parallel arrays of single-molecule structures on gold. In
this work, complementary metalloporphyrin and molecular wire
moieties are alternately deposited into a densely packed array,
simultaneously controlling the stoichiometry of the assembly, and
the position (and hence inter-molecule separation) of the molec-
ular wires on the surface. Crucially, in this new approach, the
porphyrin moieties in each layer are functionalised by large
coumarin-based dendrons. These large pendant groups, which
efficiently infill the monolayer and improve the surface coverage,
are subsequently photochemically cross-linked to create an or-
dered film in which wire-like structures are physically well sepa-
rated from each other and robustly secured to the substrate.

2. Results and discussion
The metallated porphyrin 1 (Scheme 1) was selected for this

work, as: i) it forms highly-ordered monolayers on metal surfaces,
with the porphyrin core and dendrons lying flat against the surface
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to maximize dispersion interactions [37—39]; ii) the metallated
porphyrin core provides a well-defined “anchor” point to coordi-
nate functional molecules and build the next layer of the growing
supramolecular component; and iii) each porphyrin core is sur-
rounded by four dendron wunits derived from a 3,4,5-
trialkoxycarboxylic acid bearing three coumarins, which are
linked to the apical aromatic group by means of a flexible unde-
camethylene spacer to promote their mobility and ensure confor-
mity with the surface.

The dendrons at the periphery of 1 define and occupy the space
around the porphyrin core, providing sufficient separation between
the neighbouring positions for attachment of functional molecules
in a well-ordered array. Cross-linking through photodimerization
of the coumarin units locks the positions of the porphyrins in the
monolayer [40,41]. The bi-functional molecular wire 2 [42] and
closely related ferrocene derivative 3 were selected due to the
strong interaction of the amine group with the Zn-metal ion of the
porphyrin core (a binding energy of NHs to zinc (II) -tetraphe-
nylporphyrin of 49 kJ-mol~! has been determined [43]). Whilst 2
allows layer-by-layer (LbL) assembly of multi-layer structures, 3
serves as redox-active marker through which to evaluate the stoi-
chiometry of the self-assembly process (Scheme 1).

A homogeneous, well-ordered monolayer film of 1 was assem-
bled onto either gold on glass substrates (Arrandee, Germany)
flame-annealed at approximately 800—1000 °C with a Bunsen
burner flame to obtain atomically flat Au(111) terraces before use
[44], or gold on mica substrates (Georg Albert PVD Beschichtunben,
Germany, used as received), using the Langmuir-Blodgett (LB)
technique (Scheme 1, step 1). The use of the LB technique to
assemble the base layer of 1 proved key to obtain densely and
orderly packed films. By controlling the area per molecule within
the initial Langmuir film (Fig. S10) at the air-water interface prior to
transfer to the gold substrate the formation of aggregates and
columnar stacks could be avoided; these issues plagued the efforts
to create good quality monolayers by self-assembly (SA) of 1 from
solution (Fig. S11). Quartz crystal microbalance (QCM) measure-
ments allowed us to quantitatively determine the surface coverage
of the film from the difference in the resonator frequency (Af)
before and after the LB film formation process using the relation-
ship described by the Sauerbrey equation (Section S4) [45]. The
frequency variation of —6 Hz gives a surface coverage of
16.1 nm?-molecule”!, which compares with the value of ca.
18 nm?-molecule™! estimated from the molecular area of 1 (totally
extended) lying flat on the substrate (as estimated within the
Spartan suite of programs).

The X-ray photoelectron spectrum (XPS) of a powder sample of
1 in the Zn(2p) region contains a single peak at 1022.1 eV arising
from the characteristic spin—orbit splitting of Zn(2ps2) (Fig. S12). In
the XPS one N(1s) core level peak at 399.4 eV is also observed, as
expected for the metalloporphyrin as 1, with four equivalent ni-
trogen atoms bonded to zinc [46,47]. In contrast, the XPS of the LB
film of 1 on gold displays peaks attributed to the Zn(2psj;) and
N(1s) at lower binding energies (1021.5 and 398.8 eV, respectively,
Fig. S12). These data are consistent with the porphyrin moieties
lying flat and permitting the Zn and N atoms to interact with the
gold electrode surface. The samples showed good stability during
the XPS analysis, maintaining the same spectral features and
composition throughout the measurement.

The gold-supported LB film of 1 was irradiated at 365 nm for
15 min to promote photodimerization of the coumarin units and
lock the film structure by these new cross-links. This process was
optimized by observing the decrease in intensity of the character-
istic UV—vis spectroscopic features of the coumarin moiety during
irradiation. After 15 min no further significant changes were
observed. The resulting network, Au|1 (Scheme 1, step 2), avoids
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Step 6

Aul1]2]1]2

Scheme 1. Structures of the zinc porphyrin-cored dendrimer, 1 (used to fabricate the molecular platform), compound 2 (which serves as the bifunctional molecular wire in the
unimolecular scaffolding), and compound 3 (used as a probe of the stoichiometry of the self-assembling layer-by-layer (LbL) process). The LbL strategy for assembling a large-area
parallel array of single-supramolecular wires with cross-linked porphyrin scaffolding. (step 1: formation of a LB film of 1; step 2 and 5: photodimerization cross-linking of 1; step 3

and 6: self-assembly of 2 or 3; and step 4: self-assembly of 1).

exposed areas of the gold substrate between neighbouring
porphyrin cores, and analysis of the surface by AFM imaging after
cross-linking reveals a homogenous film without defects or evi-
dence of columnar stacks (Fig. 1a). The thickness of the cross-linked
film of 1 was determined to be only 0.5 + 0.1 nm by the AFM tip
lithography method (Fig. S13), consistent with retention of the flat
orientation of 1 on the surface and corroborated by estimates of the
film thickness made from attenuation of the Au(4f) signal (Fig. S14).
With just the single, flat-lying, cross-linked layer of 1 on the gold
surface (Au|1) the step and terrace structure of the substrate is
clearly visible (Fig. 1a, upper image).

A high resolution STM image of the gold-supported LB film of 1
after cross-linking reveals a regular array of bright points, each
corresponding to a porphyrin unit (Fig. 2); irregularities observed
in Fig. 2 are attributed to defects on the surface of the underlying
gold substrate. Steps on the gold substrate are clearly resolved,
alongside the individual porphyrin molecules in the film. The uni-
formity of the porphyrin arrangement is also clearly shown on the
corresponding profile traced across the white line marked on the
topography STM image. The 5—8 nm separation of porphyrin units
is in excellent agreement with the calculated molecular dimensions
of 1 (ca. 5 nm, Scheme 1) and in good agreement with the area per
molecule previously determined from QCM measurements.
Together, the XPS, AFM and STM data indicate that the Zn anchor
points at the centre of the porphyrin moiety of 1 are arranged in a
regular fashion on the Au surface after cross-linking, and define a

2D surface bound base layer for building a regio-regular array of
unimolecular scaffolding over a large area.

Before assembling extended structures using coordination in-
teractions between the metalloporphyrin 1 and the bifunctional,
wire-like OPE derivative 2 outline in Scheme 1, the basic concept
was tested using the model, redox-active compound 3. To confirm
the viability of the coordination step, a gold substrate modified by a
cross-linked film of 1 was incubated in a 10~4 M solution of 3 in
ethanol for 24 h (Scheme 1, step 3). The axial coordination of 3 to
the zinc binding sites on the surface of the modified Au|1 substrate
to give Au|1|3 structures was verified by both XPS (Fig. 3a) and
electrochemical measurements (Fig. 3b). In the XPS, the charac-
teristic Fe(2p32) peak is observed at 707.6 eV, in good agreement
with data from a powder sample of 3 (Fig. S17). In the N(1s) region a
peak at 398.7 eV arises from the four equivalent nitrogen atoms of
the porphyrin core [46,47], while the peak at higher binding energy
(400.0 eV) is attributed to the N atoms of the amine moieties of 3
which are coordinated to the zinc atoms of the monolayer of 1
template (Fig. 3a) [48,49]. This compares with the equivalent N1s
peaks in the powder sample of 3 at 399.4 eV (Fig. S18) and the
characteristically shifted signal at 401.2 eV arising from the inter-
action of a primary arylamine directly with a gold substrate [42].

Cyclic voltammetry (CV) measurements were made using the
Au|1|3 films as a working electrode in a 0.1 M KClO4 electrolyte
solution. Within the resulting voltammograms, a single pair of
current peaks (P1, P1’) are identified, which are attributed to the
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Fig. 1. (a) AFM images of a film of 1 transferred at the area per molecule of 18 nm? onto a gold substrate and cross-linked (Au|1) and for the LbL Au|1|2|1 structure with cross-linked
top layer. (b) XPS spectra of the N1s region after sequential assembly (and cross-linking in the case of 1) of multi-layer structures (red: four equivalent porphyrin nitrogen atoms
bonded to zinc; pink: free NH, of 2; blue: NH, of 2 interacting with the metal porphyrin core). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

ferrocene (Fc) oxidation and ferrocenium reduction, respectively
(Fig. 3b). The anodic and cathodic peak current density Jpa and Jpc
scale linearly with the scan rate, indicating a surface-confined
electron transfer (ET) reaction. Meanwhile, the surface concentra-
tion of active ferrocene groups attached covalently to the metal
porphyrin core, I'r,, determined from the electrochemical data
(17.2 nm?-molecule™ ) is consistent with the incorporation of 3in a
1:1 stoichiometric ratio to the molecular platform (Section S9).
With the coordination of 3 to the metalloporphyrin established,
the heterogeneous rate constant, kgy, between the ferrocene groups
and the gold substrate was calculated using the Laviron analysis
(ker = 3.4 + 0.3 s™, Fig. $20). This electron transfer rate is similar to
that determined for electron transfer between a gold substrate
electrode and Fc groups covalently attached by click chemistry to
an octatetrayne monolayer of comparable thickness to the tolane-

200 nm

like film of 3 (kgr = 3.2 + 0.1 s71) [20]. The electron transfer rate
is also similar to that obtained for a ferrocene-terminated peptide
nucleic acid (PNA) SAM (kgr ~3 s~ 1) [50], which is known to exhibit
high conductance values [51,52]. These electrochemical results
demonstrate reasonably efficient ET between the underlying gold
electrode surface and the distal ferrocene groups of 3 through the
wire-like tolane (and hence OPE) molecular backbone and cross-
linked base-layer of 1.

Following the successful coordination of 3 to the modified Au|1
substrate, the same methodology was used to construct well-
ordered Au|1|2 films, by incubating Au|1 for 24 h in a 1074 M so-
lution of wire-like 2 [42,53] in ethanol (Scheme 1, step 3). The XPS
data for the N(1s) region from this system displays a broad feature
that can be deconvoluted into three peaks (Fig. 1b) at: 398.3 eV,
assigned to the four equivalent N atoms of the porphyrin moieties

0 10 20 30 40 50
Distance (nm)

Fig. 2. (a) STM image of a gold-supported LB film of 1 after cross-linking (tunneling current set point, 0.2 nA; voltage bias, —0.6 V, in air at room temperature). The white line
represents the trace of the STM tip from which the profile of porphyrin units shown in panel (b) was determined. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 3. (a, c) XPS spectra of the Fe2p3; and N1s region for the Au|1|3 and Au|1]2[1|3 structures, respectively (red: four equivalent porphyrin nitrogen atoms bonded to zinc; blue:
NH, of 3 interacting with the metal porphyrin core), (b, d) Cyclic voltammograms recorded for the indicated structures in a 0.1 M KClO4 electrolyte solution and at the indicated scan
rates. Inset: Faradaic cathodic and anodic peak current densities exhibiting a linear dependence with scan rate. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

in the templating base layer interacting with the gold substrate
[46,47]; 400.1 eV due to the N atoms of the amine moieties of 2
coordinated to the zinc centres of the template layer of cross-linked
1[48,49]; and 399.1 eV which is almost identical to binding energy
observed for the powder sample of 2 (Fig. S16) and assigned to the
uncoordinated amine functional groups now decorating the top
layer of the film (Fig. 1b). In addition, the XPS data for the Zn(2p)
region for this system shows a slight shift towards lower binding
energies (1021.1 eV) with respect to the signal arising from the Au|1
structure (1021.5 eV), providing further evidence for the coordi-
nation of 2 to the base layer of 1 (Fig. S19).

The nanostructured Au|1|2 film was progressively and sequen-
tially functionalised by a further layer of the Zn porphyrin, which
was cross-linked prior to further assembly of 2 or 3 to give multi-
layer structures (Scheme 1). Initial attempts to construct these
multiple layers using LB methods to deposit the second layer of 1
resulted in indiscriminate association of the porphyrin to the Au|1|2
surface following the physical transfer of the Langmuir layer and
cross-linking to give a multi-layer structure, Au|1|2[1". The newly
deposited, but mismatched layer (denoted 1%), contacts to the un-
derlying film through van der Waals interactions, rather than more
selective interactions by coordination of the zinc ion to the free
amine moieties of 2 decorating the film surface. The lack of registry
between the base Au|1]2 film and the new layer of 1" resulted in

poor electron transfer characteristics when the mismatched as-
sembly Au|1|2|1" was further functionalised by 3 (Section S11).

To create a more ordered multilayer structure with better reg-
istry between the layers, a film of the zinc porphyrin 1 was self-
assembled onto the Au|1|2 base structures. A very dilute solution
of 1 was used for this self-assembly step (10~® M) to prevent ag-
gregation and columnar stacking, as well as to promote coordina-
tion of zinc ion in the metal porphyrin core to the free amine of 2
(Scheme 1, step 4). The new porphyrin layer was photochemically
cross-linked (Scheme 1, step 5) and the resulting Au|1]2|1 structure
characterised by a combination of QCM, AFM imaging and XPS data
(Fig. 1, Fig. S15, Fig. S23), revealing that this subsequent layer
maintains the same surface coverage and uniform surface structure
as the base Au|1 structure. The thickness of this multilayer structure
Au|1]2]1 (1.6 + 0.1 nm) with a cross-linked top-layer was obtained
by atomic force microscopy (AFM) lithography (pit-etching or
scratching) in excellent agreement with the molecular dimensions
of the components (Fig. S15). The terraces and surface features of
the substrate are less apparent in AFM images of this thicker
layer (Fig. 1b) than in images of the initial template layer Au|1l
(Fig 1a). Given the surface coverage of the template, the stoichi-
ometry and registry of the multi-layer assembly with the zinc
porphyrin sites from which these structures grow, it can be esti-
mated that within the Au|1]21 film, 6.2 x 10'2 molecules-cm™2 are
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Fig. 4. (a) I-V curves experimentally obtained (ca. 600) by positioning the STM tip on top of the Au|1|2|1 structure. (b) Conductance histogram built by adding all the experimental
data from —0.5 to +0.5 V for each -V curve obtained. Inset: Cartoon showing the determination of the electrical properties of the Au|1|2|1 structure by using the “STM touch-to-

contact” method.

arranged in a parallel fashion. Each of these corresponds to a
unimolecular device, some 1.6 nm in height (Fig. S15) and separated
from each other by 5—8 nm (Fig. 2) positioned across the substrate
surface.

The LbL assembly of wire-like moieties of 2 on a template base-
layer of 1 represents a strategy to fabricate multiple, uniform par-
allel unimolecular devices with the molecules in defined positions
and sufficiently well-separated (ca. 5 nm) to avoid intermolecular
coupling effects (Scheme 1). To demonstrate this capacity, the new
Au|1|2|1 multilayer structure was capped or extended through
further reactions with 3 or 2, respectively (Scheme 1, step 6). The
resulting Au|1]2|1|3 and Au|1|2|1]2 films were also characterised
by CV and XPS data (Fig. 3, Fig. S20) and by XPS (Fig. 1, Fig. S23),
respectively, with each subsequent layer maintaining the same
surface coverage and uniform surface structure as the underlying
Au|1|2|1 structure. Whilst the mismatched Au|1|2|17|3 structure
proved to effectively block electron transfer between the ferrocene
redox marker and the gold substrate (Section S11), the self-
assembled Au|1|2|1]|3 gave a value of kgr 41 + 06 s7!
(Fig. S20), which indicates efficient ET between the ferrocene head
group and the Au substrate through the well-ordered and extended
wire-like |1|2|1| assembly.

The electrical properties of the Au|1|2|1 structure were deter-
mined using the STM “touch-to-contact” method (a variation of the
STM current—distance (I(s)) method [54]), which is particularly
well-suited for the formation of single-molecule junctions from
monolayer films [18,55]. In brief, following determination of film
thickness by an independent method and calibration of the tip-
substrate separation, a STM tip (which is electrochemically
etched to be atomically sharp) is positioned just above the top
surface of a molecular monolayer. This allows a substrate|molecule|
STM tip junction to form, the electrical properties of which can then
be determined upon application of a suitable bias in a manner
entirely analogous to the many other STM-based molecular junc-
tion methods developed in recent years [56,57].

Effective use of the STM “touch-to-contact” method requires
determination of the tip to substrate distance at which the STM tip
touches the top of the film. Calibration of the tip—substrate dis-
tance (s) was achieved by calculating the absolute gap separation
(s) from the set-point parameters (set-point current, Iy, and tip bias,
Uy) (Section S13). With dInl/ds = 6.3 + 1.6 nm~! and set-point pa-
rameters of Ip = 2 nA and U; = 0.6 V, the tip—substrate distance is
estimated to be 1.6 nm (Section S13, equation 4). Therefore, using
these set-point parameters, current—voltage (I-V) curves can be
recorded with the tip just in contact with the top of the Au|1|2|1
structure. Fig. 4a shows the [-V curves (ca. 600) recorded from
different locations and various substrates using these touch-to-

contact conditions. The [-V data exhibits characteristic sigmoidal
shape over the bias window from —1.5 V to +1.5 V and are sym-
metrical around zero bias (i.e. no current rectification). From the
low-voltage region (from —0.5 to +0.5 V), which shows approxi-
mately linear ohmic behaviour, a conductance value can be deter-
mined for each curve. A conductance histogram built from these
conductance values from all 600 -V curves gives a most probable
molecular conductance of 10~44 G (Fig. 4b). This value is consis-
tent with values for single molecule conductance of 2 determined
using the STM break junction method or the I(s) technique
(1074610739 Gp) [42,58]. This finding highlights that single
molecule electrical behaviour is retained within the film, and that
the cross-linked porphyrin film onto which the OPE wire-like
molecule 2 is assembled has no significant effect on the single
molecule conductance.

3. Conclusions

In summary, a new layer-by-layer (LbL) strategy for the repro-
ducible self-assembly of multi-layer devices with excellent spatial
control over large substrate area has been developed. Bulky den-
drons on the periphery of a zinc metalloporphyrin are used to
spatially order these nascent metal ion building sites regioregularly
across a gold electrode surface, before being cross-linked to stabi-
lise the film structure. The molecular devices are synthesized on
surface by taking advantage of the facile coordination of an a,w-
amino functionalised oligo(phenylene)ethynylene (OPE) molecule
to the zinc ions of the metalloporphyrin template base-layer. The
structure is then extended through a second, self-assembled zinc
porphyrin layer which is cross-linked before being further
extended by coordination with a second layer of the OPE. The co-
ordination interaction between the zinc(Il) sites and the bifunc-
tional OPE wire ensures a high degree of registry between the
layers and good electrical contact through the extended arrays and
offers fine control over the chemical composition. In this manner,
the regular arrangement of isolated molecules over a substrate with
dimensions controlled by the supporting dendrons is achieved,
with the separation of the constituent molecules suppressing cross-
talk and in-plane charge transport within the layer. Furthermore, in
principle, this on surface, layer-by-layer self-assembly strategy al-
lows the structure of the functional molecule to be readily adapted
to suit the desired application. Consequently, future work will be
devoted to assessing the suitability of this platform with molecular
components exhibiting a wider range of electrical function, and
exploiting the free volume between active molecules to allow
facile, shape dependent molecular effects, with devices such as
electromechanically operated switches being targeted.
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