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Abstract

This article describes the development of concepts in metallosupramolecular
chemistry. In particular, the transfer of the concepts from solution phase to
metallosupramolecular chemistry at solid-fluid interfaces is discussed. The concept
of metal-binding domains is quantified and used for the design of ligands for specific
supramolecular applications. The use of weak interactions for the investigation of
surface supramolecular chemistry is presented followed by the "surfaces as ligands,
surfaces as complexes" approach for the design of functional devices. This

conceptual development is placed in the concept the author's own laboratory.



1. INTRODUCTION

Self-assembly and self-organization are paradigms that have become intimately and
irrevocably associated with supramolecular chemistry in its transition from chemical
novelty to established discipline and methodology. Nevertheless, the terms are
frequently used loosely and interchangeably, and it is appropriate to clarify what we
understand by each in the context of this article and in the broader context of

supramolecular chemistry.

The definition of supramolecular chemistry itself is not simple, but the formulation
“... supramolecular chemistry concerns the mutual interaction of molecules or
molecular entities with discrete properties. This interaction is usually of a
noncovalent type (an “intermolecular bond” such as a hydrogen bond, dipolar
interaction, or w-stacking)” finds wide acceptance (/). For this article, we will extend
the definition to include interactions of this nature between partners in which one of
the entities is an extended structure which does not necessarily have discrete
properties. Philosophical discussions regarding the difference between self-assembly
and self-organization are prevalent in the literature, with view-points ranging from the
agnostic to those of ardent crusaders. A useful and widely accepted differentiation is
to distinguish “self-organization from self-assembly on a thermodynamic basis, where
self-organization implies a non-equilibrium process and self-assembly is reserved for
spontaneous processes tending toward equilibrium” (2). The definitions become

blurred in the context of interfacial processes, in which the convention is to set the

activity of a pure solid to a numerical value of one.



This account is about a journey from “traditional” coordination chemistry, through
solution phase supramolecular chemistry to the use of the paradigms and
methodologies of self-organization and self-assembly in the construction of ordered
and hierarchical structures at solid-fluid interfaces. At the end phase of this journey,
interactions with atomically well-defined and low-dimensional surfaces as well-as

complex nanostructured surfaces will be considered.

2. FROM COORDINATION CHEMISTRY TO

METALLOSUPRAMOLECULAR CHEMISTRY

2.1 Coordination chemistry as molecular recognition

“What goes around comes around” - this journey begins with the design of 2,2'-
bipyridine ligands for application in what came to be known as dye-sensitized solar
cells and ends in the development of new methodologies for the design of these and
related systems. Rutile (TiO;) is a semiconductor with a band gap of = 3.0 eV and
exhibits no photocurrent upon irradiation with light A > 450 nm. In contrast, the
complex [Ru(bpy).(1)] exhibits a typical {Ru"(bpy);} absorption close to 450 nm.
The complex [Ru(bpy)2(1)] binds to the surface of single crystal rutile and acts as a
photosensitizer, allowing the photoinjection of electrons directly into the conduction
band upon irradiation with visible light A > 450 nm (Figure 1) (3). The photocurrents
were modest and it was only when Gritzel used this strategy for the modification of
nanostructured TiO, surfaces, allowing very high dye-loading, that the method

became viable (4,5,6).



Figure 1 Schematic representation of [Ru(bpy),(1)] molecules on a TiO, surface and

the structure of ligand H-1.

These studies of 2,2'-bipyridine chemistry resulted in two observations which define
the direction of the research reported in this chapter. The first observation was that
novel coordination chemistry was predicated upon the ability to design and synthesize
bespoke ligands which incorporated specific functionality and which would impart
desired properties into their complexes. The second was an observation that although
complexes of 2,2'-bipyridines (7,8) and 1,10-phenanthrolines (9) had been widely
studied, at the beginning of the 1980°s 2,2":6',2"-terpyridines (10,11) were exotic
species and the coordination chemistry of the higher oligopyridines was virtually
unexplored (10,12). In the intervening years, the chemistry of these ligands, in

particular 2,2":6',2"-terpyridines, has expanded exponentially (117,13,14).

At the same time, molecular recognition was emerging as a powerful concept in

organic and biomolecular chemistry (75,16). The link with coordination chemistry



was made with the award of the 1987 Nobel Prize for Chemistry to Cram, Lehn and
Pedersen "for their development and use of molecules with structure-specific
interactions of high selectivity" (/7). In his Nobel lecture, Lehn talks extensively of
molecular recognition and makes a direct link to the specificity of the binding of
group 1 and group 2 metal ions by crown ethers and cryptands of various sizes (18).
Although the initial association of coordination chemistry with molecular recognition
was based upon the size of the metal ion, it was only a matter of time before the
concepts familiar to inorganic chemists would be combined to emerge as the new

field of metallosupramolecular chemistry.

It should be noted that in the 1970's and early 1980's, coordination chemistry was
regarded as old-fashioned and a poor-relation of the "new" organometallic chemistry.
Concepts for ligand design were often naive, although a good understanding of
thermodynamic concepts such as the chelate (79,20,21,22) and macrocyclic effects
(23) together with the principle of hard and soft acids and bases proved to be powerful
tools (24). Also important was the knowledge of the enormous kinetic variation

between "labile" and "inert" metal centres (25)

2.2 Metal-binding domains

The oligopyridines will play a central role in this story and it is appropriate to present
their structures and the abbreviations that will be used (Fig. 2). We developed the
concept of metal-binding domains to assist us in the design of polytopic ligands. The
ligand 2 is a 6,6'-functionalized 2,2'-bipyridine which also has two additional nitrogen

atoms which could coordinate to a metal ion. In this trivial case, we easily identify the



bpy metal-binding domain. Similarly, the ligand 3 contains a readily identified tpy

metal-binding domain together with two additional potential donor atoms.

qtpy apy

Spy

Figure 2 Typical nitrogen donor ligands and metal-binding domains 2,2'-bipyridine
(bpy), 1,10-phenanthroline (phen), 2,2":6',2"-terpyridine (tpy), 2,2":6',2":6",2"'-
quaterpyridine (qtpy), 2,2":6',2":6",2"":6"",2""-quinquepyridine (gpy) and

2,2":6',2":6",2"":6",2"":6"",2"""-sexipyridine (spy).

Figure 3 Hydrazino-functionalized ligands 2 and 3 which contain bpy and tpy metal-
binding domains respectively. Also shown is the macrocycle 4 which contains a tpy

metal-binding domain.
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Scheme 1 The template reaction of the bis(hydrazine) 3 with glyoxal in the presence
of a metal ion to give a complex of the macrocycle 4 containing a tpy metal-binding
domain. The solid state structure of the cation [Ni(4)(EtOH),]** looking along the O-
Ni-O vector is also shown (hydrogen atoms and the carbon atoms of the axial

ethanol ligands have been omitted for clarity).

Compound 3 was initially prepared to investigate metal-ion templated synthesis of the
macrocycle 4, but in the course of those studies some unexpected results gave insight
into the subtlety of metal-ligand recognition events and prompted additional
investigations leading to the further development of metallosupramolecular chemistry.
Ligand 4 was in part designed out of perversity — five coordinate complexes in
general were relatively uncommon and complexes with planar pentadentate ligands
were extremely rare. The design of 4 was predicated on the use of the tpy metal-
binding domain to stabilize d-block metal complexes of both 3 and 4, which, in turn,
would facilitate the desired template reaction with glyoxal (Scheme 1). Nickel(Il)
salts proved to be effective template ions giving the pentagonal bipyramidal complex
[Ni(4)(EtOH),]*" in good yield (26,27). Frustratingly, no other first row transition

metal ion proved to be effective for the template condensation. For reasons which are
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lost in the mists of time, we investigated the use of Me,SnCl, as a template; the
pentagonal bipyramidal cation [Me,Sn(3)]*" (28) was readily prepared by the direct
reaction of Me,SnCl, with 3 (Figure 4a) but upon cyclization with glyoxal, the
product was the metal-free species Ho4>" (Figure 4b) (27). A detailed analysis of the
structural data for [Me,Sn(3)]*" and H.4>" revealed that the cyclization reduces the
size of the bonding cavity, most readily seen in the reduction of the distance between
the amino nitrogens in 3 of 3.222 A to 2.641 A in H,4*". As a consequence the cavity
is too small for the Me,Sn moiety and the presence of the two axial methyl groups
prevents the typical response of moving the metal out of the plane of the ligand — this
was the first of a number of examples of what we termed the transient template effect
(27,29,30). The result is the labilization of the entire Me,Sn unit and the isolation of
the free macrocyle. Observations of this nature indicated to us that a better
understanding of the molecular recognition processes involving metal ions could

result in novel and exciting chemistry.

P

©8®

(2) (b)
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Figure 4 The solid state structures of the complexes a) [Me,Sn(3)]** b) H,4** where
the two acid protons lie within the Ns cavity c) an overlay of the core in these two
compounds, showing the origin of the transient template effect lies in the reduction
in the binding cavity associated with the terminal nitrogen atoms of the hydrazine
moving closer in the macroycyle and d) the lithium complex of an analogue of 4.

Hydrogen atoms have been omitted for clarity.

Inspection of compounds 3 and 4 highlighted the similarity of the donor set to
that in qpy (Figure 5); in each case five potential donor nitrogen atoms are separated
by two fully conjugated nitrogen or carbon backbone atoms. In retrospect, this
analogy proved to be rather naive but it allows us to develop the themes of metal-
binding domains further within the framework of metallosupramolecular chemistry.
Nevertheless, the supposed similarity between qpy and 4 lead to some interesting
observations. One of the very few compounds reported for qpy was the species
Li(ClO4).qpy (31) and more in the spirit of hope than expectation we reacted
[H,4][PF¢]> with LiOH and were surprised to obtain the remarkably stable complex

[Li(4)][PFs] which may be recovered unchanged from boiling water (Figure 4c
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illustrates an analogue which does not possess the 4'-phenyl substituent on the tpy)
(32). The lithium ion is in a planar pentadentate coordination environment and 'Li
NMR spectroscopic studies revealed no exchange between the coordinated lithium

and bulk lithium chloride solution.

(22) (211) (210) (201) (200)

(1000) (1001)

Figure 5 The possible bonding modes of a gtpy ligand. Modes in which a nitrogen
donor bonds to two metal centres are omitted as they are a degenerate
representation of the modes above. The nomenclature system is discussed in detail

in Section 2.3.1. The metal centres M, M1, M, and M3z may be the same or different.
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2.3  Metallosupramolecular chemistry

The term metallosupramolecular chemistry was introduced to try to distinguish
supramolecular interactions involving or predicated upon metal-ligand interactions
from those involving more conventional weak interactions (33). It does not seem
fruitful to enter into discussions as to whether metal-ligand interactions are
“intermolecular bonds”. Metallosupramolecular chemistry is concerned with
identifying the molecular recognition features encoded in metal centres and in ligands
with a view to understanding the assembly algorithms which dictate the outcome of
the metal-ligand interaction. The key recognition features relating to a metal centre
include the coordination number and coordination geometry, the preference for a
particular type of donor atom and the spatial arrangement of the available
coordination sites. The recognition features of a ligand include the number, type and
spatial arrangement of the donor atoms. A second level of properties can be identified
with metal centres, including oxidation state, kinetic lability or inertness, and
modification of the number of available coordination sites through chelating ancillary

ligands.

Combined with the idea of metal-binding domains we have now developed a
powerful conceptual tool for the design of metallosupramolecules. Consider the
complex cis-[Ru(bpy)2Clz] (34); ruthenium(Il) is a kinetically inert metal centre with
a d° electronic configuration and a very strong preference for octahedral coordination.
In the case of cis-[Ru(bpy).Cly], four of the coordination sites are occupied by two

chelating bpy ligands and so the only sites available for further are coordination are
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those occupied by the (more) labile chlorido ligands. A trivial example is the
matching of the metal component, cis-[Ru(bpy).Cl;], with a ligand such as phen
which presents two donor atoms which complement the two labile cis-chlorido
ligands to give [Ru(bpy)a(phen)]*" (35). A far more interesting example comes in the
reaction of cis-[Ru(bpy).Cl,] with tpy. Only two coordination sites are available at the
ruthenium centre and ruthenium(Il) is most unlikely to form seven-coordinate
complexes, so how is the recognition mismatch between two available sites and three
potential donors to be solved? The answer is both banal and paradigm breaking. The
assumption of most classical coordination chemists was that a multidentate ligand
such as tpy would act as a chelating tridentate ligand. In this case, the tpy ligand
presents not a tridentate “tpy” metal-binding domain but a “bpy” bidentate metal-
binding domain and the complex [Ru(bpy)(tpy-20)]*" containing a bidentate tpy
ligand is obtained (Figure 6) (36,37). The notation tpy-20 is described in Section
2.3.1. We described this bonding mode as hypodentate and the nomenclature is
extended to include coordinated ligands in which the maximum number of potential

donor atoms are not involved in binding to a metal centre (38,39).
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Figure 6 The reaction of cis-[Ru(bpy),Cl,] (two adjacent coordination sites occupied
by labile chlorido ligands) with phen (two cis-nitrogen donors) gives
[Ru(bpy)2(phen)]*. In contrast, the metallosupramolecular coding for the reaction of
[Ru(bpy)2Cly] (two adjacent coordination sites occupied by labile chlorido ligands)
with tpy (three cis nitrogen donors) is incommensurate; the tpy is forced to adopt a
hypodentate tpy-20 bonding mode in [Ru(bpy)a(tpy-20)]*"in which only two of the

nitrogen donors are coordinated to the ruthenium.

Extending this concept brings us into some core metallosupramolecular chemistry.
The classical expectation of qtpy (Figure 2) is that it would act as a planar tetradentate
ligand, and if the recognition features are correct, this is indeed what happens. The
complex cations [Pd(qtpy)]2+ (40) and [Pt(qtpy)]2+ (41,42) both exhibit this bonding
mode (Figure 7). Nevertheless, it is now possible to envisage a range of bonding

modes for qtpy (Figure 5 which will give rise to a rich metallosupramolecular
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chemistry. The key observation here is that the four potential nitrogen donor atoms
can be partitioned in a variety of ways. It is this partitioning of donor sets that
integrates the metal-binding domain  description into the body of

metallosupramolecular chemistry.

VP a3 » A

Figure 7 In the complex cations (a) [Pd(qtpy)]**and (b) [Pt(qtpy)]** the gtpy ligand

functions as a planar tetradentate donor.

2.3.1 Partitioning metal-binding domains in polydentate ligands

In Section 2.4 we will describe how an understanding of the partitioning of
polydentate ligands into discrete metal-binding domains allowed the development of
the metallosupramolecular chemistry of helical systems. In that work we historically
used descriptions such as [2+2] to describe the partitioning of a tetradentate ligand
into two bidentate metal-binding domains. In this short section, we present a more
refined version of this system which has a universal application. We introduce this

notation not to replace the IUPAC kappa (43) nomenclature, but to use a shorthand



17

notation that is easy to define and interpret, neither of which are attributes of this

particular aspect of the [IUPAC system.

Figure 8 presents the possible coordination modes of 2,2'-bipyridine and 2,2':6',2"-
terpyridine. If we consider 2,2'-bipyridine, it can act as a chelating bidentate, as a
monodentate ligand with one non-coordinated pyridine, or as a bridging ligand
connecting two different metals. We have developed the simple notation to describe
the coordination quotient; the ligand is addressed sequentially along the chain and the
end with the highest denticity is identified. In the case of bpy, the chelating mode has
a denticity of 2 and the descriptor (2) suffices. For a hypodentate bpy ligand, the
description becomes (10) — one nitrogen is coordinated and one is free. In the bridging
mode, the descriptor is simply (1,1). In formulae we try to avoid a proliferation of
brackets, and so the complex [MeHg(3,3'-Me,bpy-10)](NO;) (44 ) contains a
monodentate 3,3'-dimethyl-2,2'-bipyridine ligand. Free ligands will always be
represented by the quotient (0); the notation (0,0) for bpy is redundant as all donor

atoms are non-coordinated by definition.

Applying this nomenclature to tpy, we immediately see a total of eight coordination
modes. The classical tridentate chelating mode is denoted (3), but we now see a series
of other possibilities including the hypodentate (20) mode that we discussed above.
As we will see in the next section, modes such as tpy-21 and qtpy-22 are critical for

the development of molecular helicity.
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Figure 8 The possible bonding modes of bpy and tpy ligands. As for qtpy in Figure 5,
modes in which a nitrogen donor bonds to two metal centres are omitted as they are
a degenerate representation of the modes above. The metal centres M, M1, M, and

Ms may be the same or different.

2.3.2 Symmetrical partitioning of metal-binding domains in helical

metallosupramolecules

Just as the time came for the Walrus "to talk of many things" (45), so has the time
arrived for us to talk of helicates. Numerous excellent reviews exist on this topic
(12,46,47,48,49,50) and the aim here is to show how the concepts of metal-binding

domains and their partition in a polydentate ligand combine with the precepts of
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metallosupramolecular chemistry to rationalize their formation. Our own modest
contribution centred upon the use of oligopyridines and the reader is referred to the
review literature cited above to place our work in the context of the wealth of elegant
synthetic chemistry, in particular the paradigm-breaking contributions from the
Strasbourg school. In this section, we only consider oligopyridine ligands without

flexible spacers between the metal-binding domains.

We commence by considering the (22) coordination mode of qtpy and combining
with a metal centre with four available coordination sites. Conceptually we can match
the qtpy-22 with two metal ions to form a dinuclear complex of {Ma(qtpy-22)}
stoichiometry (Figure 9). However, each metal centre still has two additional
coordination sites and the formation of an {May(qtpy-22),} driven by multiple
chelating interactions in which two bpy metal-binding domains are bound to each
metal centre is reasonable. The partitioning of the qtpy-22 into two bpy domains also
defines the coding at the metal centre, as shown at top of Figure 9. A square-planar
metal centre is not compatible with the ligand coding (Figure 9a), but a tetrahedral
centre, coupled with a twisting about the bond linking the two bpy metal-binding

domains in the qtpy, leads to a novel dinuclear double-helical complex.
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a)

b)

Figure 9 An array of two qtpy ligands can be divided into four bpy metal-binding
domains which are commensurate with two four-coordinate metal centres. The
coding in the qtpy-(22) ligand excludes a) square-planar metal centres but b)
predicates two tetrahedral metal centres which in turn requires a rotation about the
C-C bond linking the two bpy metal-binding domains. Figures 9¢ and 9d show

different representations of the double-helical complex cations [Cux(qtpy).]** and
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[Agz(qtpy)z]2+ respectively. Hydrogen atoms have been omitted and the two ligand

strands have been coloured for clarity.

In reality, simply reacting copper(I) or silver(I) salts with qtpy results in the formation
of the dinuclear double-helical complexes [Cux(qtpy)]”” and [Agx(qtpy)a]™
respectively (42,51). The helical structure is achieved primarily by twisting about the
interannular C-C bond between the bpy metal-binding domains, with angles between
the least squares planes of the metal-binding domains of 53.03 and 52.70° in the silver
complex and 45.85° in the copper complex. The subtlety of the
metallosupramolecular approach is well illustrated here; at the first level, the
matching of the coding for the metal-binding domains and the metal centres leads to
the gross structure, but second level factors such as the size of the metal ion further

modulate the fine details.

It is worth noting here that we have also crossed the kinetic divide in addressing this
aspect of metallosupramolecular chemistry. The hypodentate concept was developed
at the beginning of Section 2.3 in the context of a kinetically inert d® metal centre,
predicated upon the idea that chelating ligands "stay stuck". The products of the
reactions are thus kinetic products. In the use of labile copper(I) or silver(I) cations
we move into the world of spontaneous self-assembly in which metal-ligand bonds
are made and broken many times in the course of the reaction and the products are in

a thermodynamic minimum.

Using the analysis presented above, it is natural to ask if the metal-binding domain

analysis of qtpy presents other possible modes? In principle, an array of three qtpy
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ligands, each sub-divided into two bpy metal-binding domains could also bind two six
coordinate metal centres (Figure 10a). In practice the steric interactions are too great
and this mode has not been observed in qtpy itself. Nevertheless, introducing a spacer
between the bpy metal-binding domains relieves these interactions and ligand 5 forms
the triple-helical cation [Fex(5)s]*" (Figure 10) (52). The introduction of spacers
increases the complexity of the system, a good example being seen in the formation of
systems possessing variable types of helical chirality (53). In general, the greater the
flexibility in the spacer, the fuzzier the self-assembly algorithm becomes. This is not
always disadvantageous, as a rigidly defined algorithm tends towards a binary
response to self-assembly — it either works or it does not! In contrast, flexibility in the
ligand allows adjustments in the distribution of the metal-binding domains to give the
best fit to the best algorithm. An early example is seen with the chiralized ligand 6
(Figure 10) in which the bpy metal-binding domains are linked through the 6- rather
than the 4-positions; this precludes the formation of a trinuclear triple helicate and the
six metal binding domains partition into three sets coded for a tetrahedral metal centre
and results in the formation of the trinuclear cyclic helicate [Cus(6)3)] (Figure 10b)
in addition to the double-helicate (54). The field of cyclic helicates is evolving and the
reader is referred to the review literature for an overview of this fascinating area

(4653).
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Figure 10 An array of three qtpy ligands can be divided into six bpy metal-binding
domains which are commensurate with two six-coordinate metal centres. To
observe this coding, it is necessary to introduce a spacer between the bpy metal-
binding domains as in the ligand 5 which forms the trinuclear triple helicate
[Fey(5)5]*". In contrast, the ligand 6 can also form a trinuclear cyclohelicate
[Cus(6)3)]*" which also satisfies the coding of two bpy metal-binding domains per
copper centre. Hydrogen atoms have been omitted and the ligand strands have been

coloured for clarity.

The oligopyridine sexipy can be subdivided into various metal-binding domains, of

which the most symmetrical are the 222 and 33 modes, which exhibit three bpy or
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two tpy metal-binding domains respectively (Figure 11) (55,56). There is good
evidence for the formation of complexes of stoichiometry [CusL,]*" with spy-222
ligands and double helical complexes [MzL,]*" with spy-33 ligands have been
structurally characterized with M = Fe (57), Cd (58,59), Cu (60), Zn (61,62), Co (63).
The coordination chemistry of the oligopyridines higher than spy has been intensively

investigated by Potts (64,65) and others (57,61).
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Figure 11 The ligand spy could be partitioned into three bpy metal-binding domains
(222) or two tpy metal-binding domains (33). An array of two spy-222 ligands will
bind three tetrahedral metal centres in a double helical structure whilst two spy-33
ligands will bind two octahedral metals in a double helix. The complex [Fex(spy).]** is
a double-helical species in which each of the two spy-33 ligands present a tpy metal-
binding domain to each metal. Hydrogen atoms have been omitted and the two

ligand strands have been coloured for clarity.



25

2.3.3 Asymmetrical partitioning of metal-binding domains in helical

metallosupramolecules

It is now instructive to consider oligopyridines with odd numbers of pyridine rings, of
which tpy is the prototype. Is it possible to partition tpy ligands into bpy and py
metal-binding domains? Some limiting structures for a complex of stoichiometry
[M,L,]"" are presented at the top of Figure 12. Somewhat to our surprise, the reaction
of copper(l) salts with 6,6'-Ph,tpy resulted in the formation of a dinuclear double
helix of type I (Figure 12a) (66); it has also been found that tpy (67) 6,6"-Ph,-4,4"-
(SMe) tpy (68) and a range of chiral tpy ligands (69,70,71,72) all form double-helical
dinuclear [Cu,L,]*" structures closest to type III (although 6,6"-Ph,-4,4"-(SMe),tpy

(68) can also be described as closer to type I).
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Figure 12 The ligand tpy could form dinuclear [M,L,] complexes by partitioning into

bpy and py metal-binding domains in tpy-21 as in structure types | and Ill. In reality,
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the M-N distances are not clear cut and the distinction between structure types Il
and Il is blurred. The complex [Cu2(6,6"—Ph2—tpy)2]2+ is a double-helical species in
which the two tpy-21 ligands giving a complex of structure type I. Hydrogen atoms

have been omitted and the two ligand strands have been coloured for clarity.

For the double-helical [M,L,]*" silver complexes with ligands including 4,4'4"-
‘Bustpy (73,74), 4-Phtpy (75,76), 6,6"-Mextpy (77), 6-bornyloxytpy (70,71),
structures of type 1 (73,74,75,77), type 11 (71,77) and type 111 (76,77) are adopted with
the counter-ion and any additional coordinated ligands playing a critical role. It is of
interest that there are short Ag...Ag interactions between dinuclear double helices in
[{Agy(L):}2]*" with L = 4'-Phtpy (2.880 A) (75), L = 6-bornyloxytpy (3.107, 3.157 A)

(70).

We finish this section with a short discussion of the behaviour of the pentadentate
ligand qpy (Figure 2). This is not the place to fully review the behaviour of this
ligand, which has been discussed in detail elsewhere, but rather because it illustrates
the exquisite subtlety of metallosupramolecular chemistry. We originally considered
qpy because the potential pentadentate donor set was formally the same as that found
in 3 and 4 (Figure 13). The experience with other oligopyridines suggests that qpy
might not only adopt a qpy-5 mode analogous to the macrocycles discussed earlier,
but also could partition into discrete metal-binding domains. Inspection suggests that
the qpy-32 mode, in which tpy and bpy metal-binding domains are generated is likely
to be commensurate with four and six-coordinate metal ions. A near-planar qpy-5
mode is exhibited in five coordinate [Ag(qpy)]” (78) and in the seven coordinate

complexes [ {(H,0)(6,6""-Mexqpy)Mn},CI]** (79), [(qpy)Fe(MeCN),]*" (80), [(4',4"'-
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Phyqpy)Fe(MeCN)I™" (80), [{(H20)(apy)Fe}201" (81), [Co(6,6""-Mexqpy)(ONOy)]
(82), [Co(4,4"-(EtS)qpy)CL] (83,84), [Co(4',4"-(4-CICcHs).qpy)(H.0)(MeOH)]*"

(85,86), [Cd(6,6""-Meaqpy)(OCIOs),] (87) and [Re(qpy)Cla]" (88).

To summarize a great deal of work, qpy ligands tend to partition in the qpy-32
bonding mode and for dinuclear double helicates. The typical partitioning is to bind a
six-coordinate metal by two tpy metal-binding domains leaving the remaining two
bpy-metal domains free for the second metal. Homonuclear systems are known in
which the second site is occupied by a four-, five- or six-coordinate metal centre, with
the ancillary ligands when the coordination number is greater than four. Dinuclear
double helicates have been structurally characterized with qpy and a variety of
substituted ligands and the vast majority adopt structure I (Figure 14). Structure type I
is found in the homonuclear double helicates containing Cu(Il) (89,90,91), Co(Il)
(92,93), Ni(Il) (60,86,94), Ru(Il) (95). Reduction of the Cu", double helicate to the
Cu"'Cu' level gives a perfect match to the six and four coordinate binding cavity is the
array of two qpy-32 ligands (Figure 14a) (87,90,91,96). In the case of Co'", double
helicates, donor solvents or good donor ancillary ligands or counterions establish an
equilibrium with seven-coordinate mononuclear species [Co(qpy-5)Xz]"" and we will

return to this observation shortly.

We had expected that the structure type I would be favoured by copper(Il) in view of
the preference of this metal for a five-coordinate coordination environment with one
tpy and one bpy metal-binding domain (97), but this mode has not been structurally
characterized for copper(Il). Rather unexpectedly, double helicates with structure type

IT are found in [Pda(qpy-32)2][PFels (41) (Figure 14b), [Ag:(6,6""-Me,-4',4"'-Phyqpy-
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32),][ClO4], and [Agx(6,6""-Mexqpy-32)2][ClOs4]2 (98) whereas 4',4"'-Fc,qpy forms a

type I double helicate with silver triflate (albeit with one long Ag-N bond) (99).

apy

apy-5

Figure 13 The pentadentate donor set of qpy has a formal similarity to that of the
macrocycle 4 and the precursor 3. The analogy to the macrocycle would require the
bonding mode gpy-5, which is found in the complex [Ag(gpy)][PFe]. Hydrogen atoms

have been omitted for clarity.
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Figure 14 Two ways in which gpy-32 ligands can form a dinuclear double helicate
with two metal ions. In structure type I, one metal binding site is preorganized with
two tpy metal-binding domains for an octahedral metal centre and the second site
has two bpy metal-binding domains and can accommodate four-, five- or six-
coordinate metal centre as found in (a) [Cu'Cu"(qpy-32),]**. The alternative structure
type Il with two five coordinate metal centres is found in (b) [Pda(gqpy-32).]*".
Hydrogen atoms have been omitted and the two ligand strands have been coloured
for clarity. In each case, the tpy metal-binding domain is shaded darker than the bpy

metal-binding domain.

We conclude this section by showing the power of metallosupramolecular chemistry.

When [Coa(qpy-32)2(0Ac)]*" is dissolved in MeCN, the mononuclear complex
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[Co(qpy-5)(MeCN),]*" is formed in solution (92). The complex cation [Ag(qpy-5)]"is
five-coordinate (78). The preferred coordination sphere of silver(I) is four-coordinate
tetrahedral and that of cobalt(Il) is six-coordinate octahedral. This prompted us to
investigate the reaction of these two species in the hope that they would form a
heterodinuclear double helicate with qpy-32 ligands supporting the cobalt with two
tpy metal-binding domains and the silver bound to two bpy metal-binding domains.
This was indeed the case and the structure of [CoAg(qpy-32)2]’" is shown in Figure
15 (100). A similar logic allowed the preparation of [Ni"'Cu'(qpy-32)2]’" in which the

copper(I) is in the cavity created by two bpy metal-binding domains (701).

Ve

) 4

13

Figure 14 The heterodinuclear double helicate [CoAg(qpy-32),]*" is formed from the

reaction of [Co(gpy-5)(MeCN),]** with [Ag(gpy-5)]*. Hydrogen atoms have been
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omitted and the two ligand strands have been coloured for clarity. In each case, the

tpy metal-binding domain is shaded darker than the bpy metal-binding domain.

2.4  From pure compounds to libraries

In the course of the studies described above, we recognized that labile complexes
could be used to generate equilibrium mixtures of metal complexes. In the mid to late
1990's the search for new pharmaceutically active compounds moved from linear
synthesis of individual compounds to the generation of combinatorial libraries and the
selection of active lead compounds from these arrays (102,103). The method was
developed using irreversible covalent bond formation methodologies, in particular for
peptide and nucleotide derivatives. If the key bond-formation reactions are reversible,
the reversible reaction of building blocks under thermodynamic control generates a
dynamic combinatorial library (104, 105, 106). In organic chemistry, dynamic
combinatorial libraries are typically prepared using imines or disulfides. The benefit
of inorganic chemistry is that labile metal centres offer the opportunity of rapid ligand
exchange in species in which the bond is at the same time strong, an idea first

established by Lehn and co-workers (107).

Consider two labile complexes [MA3] and [MBs;] which can equilibrate through
ligand exchange (Scheme 2). By mixing the two complexes [MAj3] and [MBs] a
library of four compounds could be obtained and by the further addition of [MC;] a
library of ten complexes. If the ligands A, B and C have reactive substituents, then the

new libraries could have different interactions with target substrates.
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Statistical equilibration of a 1:1:1 mixture [MAs], [MB;] and [MCs] will give a
1:1:1:3:3:3:3:3:3:6 distribution of [MA3], [MB3], [MCs], [MA,B], [MAB:;], [MAC;],
[MA,C], [MB,C], [MBC,] and [MABC]. This has been established for exchange
between the three complexes [Co(phen)s;][PF¢la, [Co(bpy)s][PFs]. and [Co(4,4'-
Me,bpy);][PFs]»; each chemically equivalent proton (for example the methyl in 4,4'-
Me,bpy) gives nine signals in the 'H NMR spectrum (one for [Co(4,4'-Me,bpy)s]*",
two each for [Co(4,4'-Me,bpy)2(phen)]*" and [Co(4,4'-Mesbpy)(bpy)]*", one each for
[Co(4,4'-Mesbpy)(phen),]*" and [Co(4,4'-Me,bpy)(bpy):]*", and two from [Co(4,4"-
Me,bpy)(bpy)(phen)]*") and this is exactly what is found in the spectrum of this

mixture (108).

[MA,] + [MB3] ——  [MA,B] + [MAB,]
[MA,] + [MB3] + [MC3] =——  [MA,B] + [MAB,] + [MA,C] + [MAC,] + [MB,C] + [MBC,] + [MABC]
1 2 3 4567 8 9

‘T'I"]T]':"T(TTT]TI'IIITIT1‘TII""I"
1.25 1.00 0.75 0.50 0.25 0.00 -0.25

Chemical shift in &

Scheme 2 The equilibration of a mixture or two or three homoletic ML; complexes
can generate a library of four or ten components respectively. In the case of a 1:1:1
mixture of labile [Co(phen)s][PF¢l2, [Co(bpy)s][PFe].and [Co(4,4'-Me,bpy)s][PF¢], the
expected set of nine signals of equal intensity for each ligand proton is observed. The

500 MHz *H NMR spectrum shows the nine signals for the methyl groups of the 4,4'-
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Me,bpy ligand in the library. Note that the paramagnetic d’ cobalt(ll) centre results
in a very large chemical shift range for the protons, allowing for the identification of

the individual signals.

It was now possible to show that the distribution of complexes within a dynamic
combinatorial library could be addressed through selective reaction of one of the
components. The reaction of 2,2'-bipyridine-5-carboxaldehyde 5 with cobalt(Il) salts
generates a dynamic library containing the two components, the mer and fac
stereoisomers of [Co(5)3]*". The three ligands in the fac complex are chemically and
magnetically equivalent (Figure 16), whereas each ligand is chemically and
magnetically unique in the mer isomer. Thus, for each unique proton in ligand 5, four
signals are expected in the '"H NMR spectrum of the mixture of mer and fac
stereoisomers of [Co(5);]*", which is indeed observed (708). Furthermore, the
dynamic nature of the library is established by the observation of exchange peaks in
the EXCSY spectrum between all four signals arising from a given ligand proton,
demonstrating the chemical exchange between the mer and fac stereoisomers. Finally,
the amplification of the library was demonstrated by reaction with N(CH,CH,;NH,)3
which can only react with the fac stereoisomer to form the capped complex 6. reaction
of the dynamic library with N(CH,CH,NH,); gives only the capped complex Y, and
the mer stereoisomer is converted to fac as the fac form in turn is removed from

equilibrium by condensation with the tris(amine).

One of our aims with this approach was to generate a multi-level combinatorial
library, which would be labile and allow ligand exchange at the cobalt(Il) level and

after oxidation to kinetically inert d° cobalt(Ill) would allow the system to be



34

"frozen". In practice, this approach was not successful, as rapid electron transfer
between the cobalt(Il) and cobalt(Ill) systems resulted in ligand scrambling.
Nevertheless, it allowed us to make an interesting observation. A mixture of
[Co(tpy)z]3+ and [Co(tpy)z]2+ is a self-exchange system with a rate of electron transfer
of 50 M''s™ at room temperature (109,110). The '"H NMR spectrum of a mixture of
these two complexes exhibits two subspectra, one for [Co(tpy).]*" which is
paramagnetically shifted and one for [Co(tpy),]’" which is diamagnetic. The '"H NMR
exchange spectrum shows cross peaks between the protons of the tpy ligands in
[Co(tpy)2]*" with those in [Co(tpy):]’". The electron transfer reaction between
[Co(tpy)z]2+ and [CO(tPY)2]3+ interconverts cobalt(Il) and cobalt(Ill) complexes and is
detected by NMR spectroscopy as an apparent chemical exchange of [Co(tpy), ]*" and

[Co(tpy)a]*" cations (111).
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Figure 16 The equilibration mixture of mer and fac stereoisomers of [Co(5)s]**

exhibits four signals in 'H NMR spectrum for each unique proton in the free ligand,
as shown for the H5' proton. Once again, note that the paramagnetic d’ cobalt(l)
centre results in a very large chemical shift range for the protons. The dynamic

nature of the library is established by the observation of exchange peaks in the
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EXCSY spectrum between the four signals arising from each ligand proton. In the
reaction of the mer/fac equilibrium mixture with N(CH,CH;NH,); only the fac
stereoisomer can react to form the capped system 6; as the fac isomer is removed to
form the capped complex, the system re-equilibrates and eventually the only species

present is 6.

3 Supramolecular chemistry at surfaces

Why should we move from solution phase phenomena to surface binding? Our
answer to this question lies in the origins of supramolecular chemistry. One of the
driving forces in supramolecular chemistry was a desire to understand the
complexities of biological assembly and replicate it in unnatural systems. How
successful were we? A classical biological example of self-assembly is the tobacco
mosaic virus (Figure 17). Under the correct conditions of pH, temperature and
concentration, 2131 molecules of two different types (2130 molecules of a protein and
one molecule of RNA) spontaneously assemble to form an active (virulent) virus
(112). In this context, supramolecular chemistry is rather successful and the assembly
of a discrete nanosphere from 72 component molecular species of two types (24 metal
ions and 48 ligands) (7/3) or the construction of molecular Borromean rings in a
single step from 18 components by the templated formation of 12 imine and 30
coordination bonds, generating three interlocked macrocycles about six zinc(II)

centres (114) are only different from the tobacco mosaic virus in scale.
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18 nm 300 nm

Figure 17 Under the correct conditions of pH, temperature and concentration, 2130
molecules of a protein and one molecule of RNA spontaneously assemble to form
the active tobacco mosaic virus.

(https://en.wikipedia.org/wiki/Tobacco_mosaic_virus#t/media/File:TMV_structure_f

ull.png under creative commons licence).

We also see that this success is relative when we consider more complex biological
machines. A stunning example of the precision and the complexity achieved in
biology is seen in the structure of the core antenna-reaction centre complex (ttLH1-
RC, Figure 18) of Thermochromatium tepidum in which over 100 components
(cytochrome, L,M and H subunits of the reaction centre, 16 o subunits of LH1 and
some 80 cofactors) are precisely arranged to optimize energy and electron transfer in
the overall functioning system. In contrast, synthetic chemistry is good at
understanding the mutual interactions of two or three different types of molecule but
cannot yet begin to approach the precision and complexity of biology. Why is this?

This relates to a naivety that some of us had at the beginning of supramolecular
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chemistry — this naivety was that biology worked in aqueous medium and therefore

we could replicate biology in solution.

Figure 18 The core antenna-reaction centre complex (ttLH1-RC)
of Thermochromatium tepidum in which over 100 components are precisely

positioned.

In practice, the exquisite spatial control in ttLH1-RC is achieved by the use of
phospholipid membranes as interfaces that support and enclose an aqueous medium
and allow the precise management of the rates and thermodynamics of molecular
transformations. As inorganic chemists, we asked ourselves what our organisational
principle equivalent to the phospholipid membrane could be and furthermore what
added value we might be able to bring with unnatural systems. We decided to
concentrate upon the solid-fluid (gas or liquid) interface as a structure for the
organization of multiple reactive species in a precise and defined manner. Our added

value was that we would select solid materials with electronic properties which would
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allow us to directly address molecular species at the interface by electron or energy

transfer.

Extracellular Fluid

Figure 19 The naive organisational model that lies at the basis of our research. We
utilize the interface between solid and fluid as an organizational motif for beginning
to address the hierarchical structuring of multiple species without the use of

covalent bonding.

3.1 Overview of supramolecular interactions

In the earlier parts of this article, we have concentrated upon metal-ligand interactions
for the control of supramolecular assembly and structure. However, in the course of
these studies we were ever more aware that all of the forces of supramolecular
chemistry worked together (or sometimes against each other) to achieve the final

supramolecular structure.

The traditional forces of supramolecular chemistry include hydrogen bonding,
hydrophobic and hydrophilic forces, van der Waals forces, m-interactions and
electrostatic effects (115,116,117,118,119,120). In metallosupramolecular chemistry,
electrostatic interactions can be of critical importance; the interaction between a metal

centre and an anion can lead to short interactions which distort coordinated ligands or
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even change the coordination number as the anion becomes coordinated. The studies
of helicates discussed above revealed that face-to-face and edge-to-face m-interactions
(121,122) were abundant and probably responsible for the fine-tuning of the
structures. Inspired by these observations, we commenced a series of investigations
involving supramolecular organization at surfaces. These were predicated upon the
preparation of materials rich in aromatic rings and investigating their interactions with
highly oriented pyrollitic graphite using scanning tunnelling microscopy (STM) in the
naive assumption that a dominant self-assembly motif would be face-to-face n-

interactions.

3.2 Self-assembly at surfaces

In the first studies in this area, we used highly oriented pyrolytic graphite
(123,124,125,126) which is a substrate with an atomically flat surface, with a well-
defined structure comprising a graphitic surface (Figure 20a). The technique of choice
was STM (127). A conducting tip, ideally atomically dimensioned at the point, is
scanned over a conducting surface at distances less than 1 nm, with the distance being
controlled by the tunnelling current between the tip and the surface. This is a quantum
mechanical effect, with current flowing between two electrodes through a thin
insulator or a vacuum gap, and decaying by a factor of = 450 over one atomic radius.
The tunnelling current flows from the atomic apex of the tip apex to single atoms at
the surface, inherently allowing atomic resolution. The technique is ideally suited for
the investigation of monolayers of molecules on atomically flat surfaces. One always

needs to be aware that STM plots a surface of constant tunneling probability (strictly
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related to the local density of states near the Fermi level), although this is often

interpreted atomistically as the real topography of the surface.

We approached this technique as chemists rather than physicists — put bluntly, we
wanted to use the technique under ambient conditions of temperature and pressure
studying multiple samples per day, rather than studying single samples for extended
periods at millikelvin temperatures in ultra high vacuum. In other words, could we use
STM as a spectroscopic or structural technique? Furthermore, we used wet chemical
methods for the preparation of the monolayers, typically solution casting or direct

measurement through liquid at the solid liquid interface (728).

We decided to investigate Fréchet-type dendrimers (729,130) and their conjugates
with oligopyridines. These were selected as they contained a large number of
aromatic rings which were expected to optimise organization through face-to-face -
interactions with the graphitic surface. Initial studies with the first generation
functionalized bpy ligand 7 allowed the molecules to be imaged with sub-molecular
resolution (Figure 20b) (131). In this work we often observed multiple domains on the
surface and realised that STM could be used as a tool to perform stereochemical
analysis; Figure 21 shows the molecular resolution images and molecular fitting of

the monolayers formed from the antianti- and syn,anti- conformations of 7

(131133132).
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(a) (b)

Figure 20 (a)An STM image of a 5 nm x 5 nm area of an HOPG surface. A single
hexagon of the graphitic layer is marked in red - only three carbon atoms (out of the
six in the hexagon) are visible (133) and (b) an image of a monolayer of compound 7

on HOPG.

o} O

CgH470 OCgHy7  CgHy70 OCgH47

anti,anti-7 syn,anti-7

(a) (b)
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Figure 21 (a) anti,anti- and syn,anti- conformations of 7 (b) and STM images of HOPG
monolayers of molecular resolution images and molecular fitting of (b) the anti,anti-

and (c) the syn,anti- conformations.

These studies were then extended to second generation dendrimers and their pre-
cursors and a typical example is seen in Figure 22, where in the monolayer molecules
of the second-generation alcohol 8 form trimeric clusters on the surface (7134). In the
course of these studies we became increasingly aware that out original vision of
monolayers dominated by face-to-face m-interactions of the dendron with the HOPG
surface was naive and that dominant forces were associated with the binding of the
interdigitated alkyl chains with the HOPG surface. In subsequent studies, we
investigated the influence of detailed molecular structure on the self-organisation

properties (135,136,137,138,139,140).
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Figure 22 Trimeric assembly of three molecules of the alcohol 8 (a) in an HOPG

monolayer of the compound and and (b) the molecular fitting (133).

In these later studies we investigated the relationship between the three-dimensional
crystal structure of the molecules under investigation and the molecular level
organization in the monolayer (736). In some cases there was a very good correlation
between the solid state structure and the surface monolayer, but this was not a general
phenomenon. In the monolayer the surface-monolayer and intermolecular
supramolecular interactions are balanced, whereas in the crystal structure only the

intermolecular interactions are relevant. If the surface-monolayer are larger than the
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sum of the intermolecular interactions in the monolayer, then the organization will be
different. In the solid state, the tpy derivative 9 forms sheets of molecules with
interdigitated octyloxy groups (Figure 23a), this same structure is replicated exactly in

the monolayer of 9 on HOPG.

(a) (b)

CgHy70 OCqgHy7

Figure 23 Compound 9 forms sheets of interdigitated molecules in (a) the crystal
structure and the same structure is observed (b) in an HOPG monolayer showing the

molecular fitting (133).

We had hoped to initiate structural rearrangements in monolayers of functionalized

oligopyridines on HOPG by post-treatment with metal salts. In general, this approach
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has not been overly successful, mainly because we had underestimated the magnitude
of the surface-monolayer interactions. Nevertheless, the monolayers can act as host
structures for supramolecular guests. A typical example is seen in Figure 24, in which

a monolayer of 8 on HOPG acts as a host to ad-molecules of [Fe(10),]*" (133).

(@) (b)

10
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Figure 24 A monolayer of 8 (a) and (b) on HOPG acts as a host to ad-molecules of

[Fe(10),]** (c) and (d) (133).

3.3 Combining self-assembly and metallosupramolecular chemistry at

surfaces

Is it possible to combine surface supramolecular chemistry  with
metallosupramolecular chemistry? It was not by accident that many of the compounds
we investigated for supramolecular assembly of two dimensional structures at
surfaces also contained metal-binding domains, and we had originally conceived this
work with the intention of either triggering the restructuring of a monolayer through
interaction with metal centres of the forcing of metal centres into unnatural
environments through interaction with metal-binding domains constrained to a surface

pattern.

In this short section, we make the transition between supramolecular interactions with
surfaces to binding of molecules to the surface (/41). We designed the two complexes
[Ru(tpy)(11)]*'and [Os(tpy)(11)]*" to interact with a noble metal surface through
coordination to the pendant pyridine donor of 11. The complexes form monolayers on
platinum microelectrodes which may be interrogated through cyclic voltammetry.
This establishes the electronic communication between the adsorbed monolayer and
the substrate. Parallel STM studies of a monolayer of [Ru(tpy)(ll)]zJr on Pt(100)
revealed a close-packed array of the complexes. With this observation, we move to

the next stage of this journey.
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Figure 25 The complex [Ru(tpy)(11)]** forms monolayers on platinum
microelectrodes which exhibit (a) a typical ruthenium(ll)-(lll) redox response in the
cyclic voltammogram and (b) a 45 nm x 45 nm STM image of a monolayer of

[Ru(tpy)(11)]** on Pt(100) (142).

3.4 From self-assembly to covalent attachment

In this section we complete the transition from solution phase self-assembly and
supramolecular self-assembly at surfaces to binding of a complex to a surface through

covalent interaction with a substituent on a ligand.
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3.4.1 Surface and anchoring algorithms — the new toolkit

Our long-term aim is to develop a versatile tool-kit for the conjugation and
optimization of the communication between surfaces and functional molecules. The
surfaces that we are particularly interested in are noble metals such as platinum and
gold, semiconducting oxides such as TiO,, fluorine-doped tin oxide (FTO), indium tin
oxide (ITO), ZnO or NiO, or other semiconducting chalcogenides such as CdS, CdSe
and ZnS. An overview of some of the anchoring groups which comprise the tool-kit

for anchoring functional molecules to surfaces is presented in Figure 26.

Surface Anchoring group
B ' !
Noble metal 7 SH ~s7
| | | 7N j\
. CO,H PO;H, B(OH), : _ < |

Metal oxide wd on NC™ "COM

Metal sulfide

and

chalcogenide \ | | I | |
SH S\S/ SeH Se‘Se/ TeH CS,H
7\
S/

Figure 26 The toolkit of anchoring groups and the surfaces for which they are

optimized.

3.5 Taking metallosupramolecular chemistry to surfaces
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3.5.1 The dye-sensitized solar cell

The dye-sensitized solar cell (DSC, also known as the Grétzel cell) converts solar
photons to electrical energy using a transparent semiconductor (usually TiO,)
sensitized with with a surface-bound dye that absorbs in the visible region of the
spectrum (743,144,145) and a representation of a DSC is shown in Figure 27. The dye
must have a ground state below and an excited state above the conduction band of the
semiconductor and by using surfaces derived from semiconductor nanoparticles, an
enormous surface area is achieved in a device with a small surface area. The electrons
are harvested at an optically transparent semiconductor electrode and the circuit is
completed by an electrolyte hole transporter coupled to a platinized counter-electrode.
State of the art dyes for DSCs are based on ruthenium(Il) complexes or organic dyes
anchored to the surface. The structural features which optimize performance are
relatively well understood (/46 ). An important non-electronic factor is that

aggregation phenomena of dyes at the surface should be minimised.
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Figure 27 A schematic representation of an n-type dye-sensitized solar cell.

Our recent interests have centred upon the replacement of non-sustainable
components in the DSC with materials based upon Earth abundant elements. One
approach has been to develop low technology methods for devices using iron oxide
and other first row transition metal oxide materials as photoconductors
(147,148,149,150,151,152,153,154,155,156) but the main relevance to this review
comes in our attempts to replace ruthenium sensitizers in DSCs by Earth abundant

metals (157), in particular copper (158).

3.5.2 Copper DSCs
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Ruthenium, which is one of the rarest and most expensive elements in the periodic
table (abundance 0.000037 ppm in the Earth's crust, US $ 2090 per kilogram 14" July
2017). Copper is both more abundant (abundance 27 ppm) and cheaper (US $ 5.9 per
kilogram, 14th July 2017). Copper(I) oligopyridine complexes have photophysical
properties that resemble those of ruthenium(II) diimine complexes (159,160); both
[RuL;]*" and [CuL,]" complexes (L = bpy or phen ligand) have absorption spectra
with maxima 400 - 550 nm, although the absorption coefficient of the Cu species
complexes are typically lower than the Ru complexes. In both cases, the excited states
are primarily MLCT, although the MLCT state has different character. Excited states
of the copper complexes undergo Jahn—Teller distortion with a concomitant flattening
of the MLCT leading to enhanced solvent interactions with consequent shortening of
the excited state lifetime. We reported some early comparisons of the photophysical
properties of copper(I) and ruthenium(II) complexes with ligands optimized for
binding copper(I) (161). In contrast, the excited and ground state geometries in the
ruthenium(Il) complexes are very similar resulting in generally longer excited state

lifetimes.

With this background it was very surprising that there had been little systematic
interest in copper(l) sensitizers for DSCs, with only two reports (162,163) appearing
before our studies began in 2008 (764). One of the reasons for this was the perception
among inorganic chemists that copper(I) was labile and, thus, could not be bound in a
stable manner to the semiconductor surface in the DSC. Indeed, it was partly the
search for non-labile copper(I) complexes that lead Sauvage on the path to the
catenates, in which mechanically interlocked systems ensured that ligands could not

be exchanged.
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We were pleasantly surprised that DSCs sensitized with the complexes {Cu(12),} and
{Cu(13),} (the imprecise formulation relates to the uncertainty regarding the
protonation state of the ligands in the dye bath) exhibited high efficiencies of 1.9 — 2.4
% with respect to that of 9.7% for the ruthenium dye N719 (164,165). We have
extensively reviewed the development of DSCs using Earth abundant metals, in
particular copper, and the reader is referred to these articles for more detailed
discussion and the developments outside our own group. (157,158). In this review, we
will follow through the development of these prototype systems into a more general

assembly algorithm.

12

Figure 28 The prototype ligands used for the preparation of copper(l) DSCs

These observations were both encouraging and somewhat perplexing. Encouraging
because the cells were relatively efficient, were reasonably long-lived (more on this
later), simple ligand design principles worked, and the extended conjugation in
complexes of 13 giving a better spectral response. Perplexing because we had
expected the cells to be short lived through reaction of copper(I) with the iodide-

triiodide electrolyte to generate Cul. The preparation of the cells is presented
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schematically in Figure 29 in which the anchor symbol represents the anchoring
group, in this case carboxylic acid or carboxylate. We accordingly set about

investigating the preparation and optimization of copper-based DSCs in detail.

/ /JO

l

Figure 29 The initial approach adopted for the preparation of copper(l) DSCs. The
nanostructured TiO, surface was functionalized by reaction with {Cu(12),} and
{Cu(13),} which bound to the surface through one or more carboxylate groups.
Although not explicitly depicted, it is also possible that both ligands are surface
bound. The anchor symbol represents the anchoring group, in this case carboxylic

acid or carboxylate.

We commenced by confirming the lability of copper(I) complexes. Although much of
Sauvage's elegant work using copper(I) centres to place molecular threads through
macrocycles, we were able to find little quantitative data about ligand exchange rates
in copper(I) complexes. In part this reflects the fact that such classical kinetic studioes
had been performed in aqueous or mixed aqueous solvents, exactly the conditions in
which copper(I) disproportionates to copper(0) and copper(Il). We recorded the 'H

NMR spectrum of a 1:1 mixture of [Cu(6,6'-Me;bpy),]” (which exhibits one methyl
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resonance) and of [Cu(2,9-Meyphen),]” (which also exhibits only one methyl
resonance) immediately after mixing (7/66). The spectrum of the mixture exhibits
methyl signals due to the starting homoleptic complexes and due to the 6,6'-Me,bpy
and 2,9-Meyphen ligands respectively in the heteroleptic complex [Cu(6,6'-
Me;bpy)(2,9-Meyphen)]” (Figure 30a). A statistical mixture with 1:1:2 ratios of the
two homoleptic and the heteroleptic complex is established. The 'H exchange
spectrum shows clear exchange peaks between the two signals for the 2,9-Me;phen
ligands in the homoleptic and heteroleptic complexes only consistent with fast
exchange on the NMR timescale (Figure 30b). We conclude by noting that it is not
possible to isolate the heteroleptic complexes with simple ligands of the type
illustrated here, but by using ligands with sterically demanding substituents the
heteroleptic complexes may be isolated as the major or only products. This is
illustrated with bulky substituents in the HETPHEN approach to the design of
copper(l) dyes for DSCs (167,168,169,170,171,172) and with macrocyclic ligands
incorporating phen metal-binding domains in the work of Sauvage. In our work, this
precludes the direct binding of complexes [Cu(Lanchor)(Lanciliary)]” (Lanchor is the
anchoring ligand and Lanciiary the second ligand attached to the copper(I) centre) to the
surface because in solution a mixture of homoleptic and heteroleptic complexes

according to equation 1 will be present.

2[Cu(Lanchor)(Lancillary)]+ D [Cu(Lanchor)2]+ + [Cu(Lancillary)2]+ EquatiOH 1
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Figure 30 a) The partial 400 MHz *H NMR spectra of CDsCN solutions of [Cu(6,6'-
Me,bpy),][PF¢] (top), [Cu(2,9-Me,phen),][PFs] (middle) and a 1:1 mixture of the two
compounds (bottom) showing the methyl region. All solutions were 17 mmol in
copper. In the mixture, the methyl signals of the 6,6'-Me,bpy ligand in the
homoleptic and heteroleptic complexes are observed at & 2.20 ppm, whilst the
methyl groups of the 2,9-Me,phen ligand give signals at & 2.40 ppm for the

homoleptic and & 2.45 ppm for the heteroleptic complexes. The 'H NMR exchange
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spectrum shows clear exchange peaks between the methyl groups of the Me;phen

ligands in the homoleptic and heteroleptic complexes. (Spectra: Sarah Keller, 2017).

In the course of these studies we developed scanning electrochemical microscopic
(SECM) methods to directly interrogate copper(l) DSCs under irradiation and in the
dark (173,174). This allowed us access to a powerful method for the high throughput
evaluation of combinations of anchoring ligand, ancillary ligand (see later) and

electrolyte.

One of the first variables that we sought to optimize was the electrolyte. We had a
preconception that the iodide-triiodide electrolyte commonly used in ruthenium DSCs
would not be optimal for copper DSCs. In practice, the reaction of iodide with
copper(I) does not appear to be a major degradative pathway for copper DSCs. By
changing the constitution of the electrolyte and by including additives, the
performance can be improved (775). The performances of the copper(I) DSCs was
investigated systematically varying the standard electrolyte (Lil, 0.1 M; I, 0.05 M; 1-
butyl-3-methylimidazolium iodide, 0.6 M; 1-methylimidazole, 0.5M in 3-
methoxypropionitrile. The highest short-circuit current densities and photoconversion
efficiencies were obtained with an electrolyte composition I, (0.03 M), 1-butyl-3-
methylimidazolium iodide (0.6 M), 4-tert-butylpyridine (0.4 M) and guanidinium
thiocyanate (0.1 M) and no Lil was added. In general, lower concentrations of I, are
better. The additive guanidinium thiocyanate has no great effect on the performance,
and higher concentrations of 4-tert-butylpyridine decrease performance. The additives

reduce recombination rates at the TiO,-dye interface.
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In an early study, we argued that we could optimize electron transfer to the electrolyte
by using an electrolyte as similar as possible to the dye and used the SECM to
investigate the use of homoleptic [Cu(Lanciiary)2] complexes as the electrolyte
combined with series of [Cu(Lanchor)(L ancitlary)]” dyes. This allowed us to use changes
in the diffusion layer at the scanning electrode to map the substrate surface both in the
dark and under irradiation. These studies revealed the formation of stable surface
charge as the components equilibrate. Nevertheless, the efficiencies of these systems
were very low. More successful was the replacement of the iodide-triiodide
electrolyte by those based upon [Co(bpy)3]2+/3+ or [Co(phen)g]zJ’/3+ redox couples
(176,177). We have made extensive use of electrical impedence spectroscopy (EIS) to
study these systems in detail. The photoconversion efficiency is improved by
replacing the I3 /I electrolyte with the cobalt electrolyte and by changing the solvent
from MeCN to 3-methoxypropionitrile. The cobalt electrolytes are superior in terms
of open-circuit voltage, the short-circuit current and the overall efficiency as a result
of faster charge transfer and a more positive redox potential. EIS showed that DSCs
with I3 /I have the highest recombination resistance. There were some differences
between [Co(bpy)s]*"*" and [Co(phen);]*"*" with the phen system giving the highest

chemical capacitance, open-circuit voltage and highest mass transport restrictions.

3.6 From "complexes as metals/complexes as ligands" to

"surfaces as ligands, surfaces as complexes"

During the last decade of the last Century, a series of fascinating publications from

groups in Bologna, Pisa and Messina developed a new strategy for the design and
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synthesis of photoactive metallodendrimers for photoharvesting applications. This
approach was described as the "complexes as metals, complexes as ligands" strategy
and was designed to allow the synthesis of metallodendrimers with defined vectorial
electronic and energy transfer properties (778). This strategy had an influence on our
way of thinking about ligands and complexes as polyvalent species. This in turn
influenced our strategy for the preparation of heteroleptic complexes on surfaces. The
strategy presented in Figure 29 is very successful but has three significant
disadvantages. The first disadvantage is that systematic variation of the electronic and
photophysical properties is not simple and involves the design of a new anchoring
ligand in each case. The second disadvantage is that it is not possible to engineer a
gradient into the compound, favouring the injection of the electron into the
conduction band on the “anchored side” and the stabilization of the hole on the
“electrolyte side” of the complex. The final disadvantage is that one of the two
ligands bound to the copper centre is, essentially, wasted. These considerations led us
to think again about heteroleptic complexes. As discussed above, we ideally required
heteroleptic [Cu(Lanchor)(Lanciary)]” complexes which cannot be isolated as discrete
species with our simple ligands. The challenge was to find ligands which would either
drive the equilibrium in solution to the heteroleptic species, as in the HETPHEN
approach, or to find a way to remove the heteroleptic species from the equilibrium.
Our early experience with macrocyclic chemistry also shaped our thinking here, as
these describe exactly the conditions of the thermodynamic and kinetic template

effects (179,180).
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Combining all of these factors, we developed the vision of a surface that could act as
a ligand and/or as a complex. The key step was to bind the anchoring ligand to the

surface as a first step, giving a “surface as ligand” (Figure 31) (166,181).

«*JJJ$ §J

//_,

S

Figure 31 The first “surfaces as ligands, surfaces as complexes” approach. The
anchoring ligand is first bound to the semiconductor and a subsequent ligand
exchange delivers the {Cu(lancitary)} unit to generate the surface bound

{Cu(Lanchor)(Lancillary)} SpECiES.

3.6.1 Sequential assembly of copper DSCs — the library of anchors

To implement the “surfaces as ligands, surfaces as complexes” strategy we also
developed a suite of anchoring ligands (Figure 32) to complement 12 and 13,
including 14 (182), 15 (182, 183 ), 16 (165), 17 (174,182,183, 184, 185), 18
(174,175,176,177,181,184,185,186,187,188,189,190,191,192,193,194,195,196,197),
19 (193,198), 20 (191), 21 (191), 22 (192), 23 (192), 24 (192) and 25 (192). In
general, anchoring ligands with extended conjugation or aromatic spacers between the
anchor and the metal-binding domain perform better in DSCs. A general observation,
which we have discussed in detail elsewhere, is that the copper(I) DSCs show an

increase in efficiency and performance over a ripening period of up to seven days.
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22 X = CO,H 24 X = CO,H
23 X = POH, 25 X = PO4H,

Figure 32 The suite of anchors developed for the “surfaces as ligands, surfaces as
complexes” approach. Anchoring groups include carboxylic acids, phosphonic acids,

cyanoacrylic acids and a-cyanophosphonic acids.

3.6.2 Sequential assembly of copper DSCs — the library of ancillary ligands

The “surfaces as ligands, surfaces as complexes” strategy worked exactly as
anticipated, and with this approach we were now able to systematically investigate the
variation of Lancillary in surface bound [Cu(Lanchor)(Lancitlary)]” complexes. We have
reviewed these results in detail elsewhere (/58). Using the combinatorial approach,
we have been able to match the library of anchoring ligands in Figure 32 with a large

range of simple ancillary ligands (Figure 33). We have generally adopted 6,6’-
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Mesbpy (26) as our reference ancillary ligand (7/82), but we have systematically
investigated the effect of the alkyl substituents at the 6,6’-positions by SECM in the
series of surface-bound complexes [Cu(Lanchor)(Lancitary)]” (Lanchor = 17, 18; Lanciltary =
27 — 30) (174). DSCs with the series of complexes bound complexes
[Cu(Lanchor)(Lancittary)]” (Lanchor = 17, 18; Lancitary = 27 — 31) showed optimum
performances with ligand 18 and 29 or 31 as the ancillary ligand (185,198).
Somewhat unexpectedly, very simple ancillary ligands such as 27, 32, 33 and 34
perform remarkably well, with the best performances being associated with 34. We
believe that this is due to efficient hole transport to the iodide-triiodide electrolyte
(187,188,193). Even more surprisingly, surface-bound [Cu(18)(35)]" with
trifluoromethyl substituents in the 6,6'-positions of the ancillary ligand performed
exceptionally well (holding the record in our group for a short period) (7194). The
origin of this effect is a little obscure, although DFT calculations confirm the
stabilization of the HOMO by the CF; substituents, consistent with the performance

increase being associated with better Jsc values.

7\ — 26 R=Me, X =H
\
N / 35 R=CFs X=H

R R
X X
O O 27 R =Me, X=Br 32 R=Me, X=F
4

28 R ="Bu, X =Br 33 R =Me, X =Cl
A — 29 R =By, X = Br 34 R=Me X=1
N\ /) 30 R = "Hex, X = Br
—N N
31 R=Ph, X=Br
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Figure 33 Some “simple” ancillary ligands that have been investigated in DSCs with
surface-bound [Cu(Lanchor)(Lancilary)]” complexes by the “surfaces as ligands, surfaces

as complexes” approach.

Before closing this section, we will consider two additional classes of ancillary
ligand. In the course of our work, we often found ourselves asking if it was necessary
to have symmetrical ligands or indeed to have substituents in both the 6- and 6'-
positions of the bpy. Over the years, we have investigated a series of asymmetric
ligands (Figure 34) and in general, there is no significant advantage and the
performance is usually inferior to symmetrical analogues (184,189,190,193,194). The
exceptions are the trifluoromethyl ancillary ligand 37 which gives very efficient DSCs

(194,189).

R
37 R=CF3 39 X=S
38 R=Me 40 X=NH
41 X=0
42 X =NMe
Rs R4
43 Ry =R,=Me, R3=R,=0Me
R3 44 R;=R3=R;=H,Ry=Me
45 R;=Rg=H,R,=Me, R4=Br
7\
N 46 R;=R3=H, R,=Me, R,=0Me
—N N

47 R, =H, Ry =Me, Ry =R, = OMe
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Figure 34 Some asymmetric ancillary ligands that have been investigated in DSCs
with surface-bound [Cu(Lanchor)(Lanciary)]” complexes by the “surfaces as ligands,

surfaces as complexes” approach.

One final class of ligand is worth mentioning. We have systematically investigated
the incorporation of hole-transport substituents with the aim of optimizing hole-
transfer to the electrolyte using the library of ancillary ligands including
triphenylamino substituents (Figure 35) (175,176,177,182,183,186,188,195,196). The
expected improvements in performance are often shown, but do not compete with the
synthetically less elegant effects with very simple ligands, in particular
trifluoromethyl substituents or 4-haloaryl substituents. Nevertheless, the dendritic
systems 52—65 gave us insight into solvent effects and the nature of the ripening

processes leading to improved performance of the DSCs over a number of days.
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R = Me, X = OMe
R ="Bu, X = OMe
R =59Bu, X = OMe
R = "Hex, X = OMe
R =Ph, X =OMe

R = 2-naphthyl, X = OMe

60 R=Me, X=0Me
61 R="Bu, X =0OMe
62 R =By, X = OMe
63 R ="Hex, X=0Me
64 R=Ph,X=0Me

65 R =2-naphthyl, X = OMe

Figure 35 Some hole-transporting ancillary ligands that have been investigated in
DSCs with surface-bound [Cu(Lanchor)(Lancillary)]” complexes by the “surfaces as ligands,

surfaces as complexes” approach.

3.6.3 Atom economy and regeneration
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Inspection of Figure 31 reveals that the use of the exchange reaction between the
ligand-functionalized surface and [Cu(LanCiumy)z]+ is not optimal in terms of atom
economy, as for every new surface-bound complex that is formed, one equivalent of
Lancilary 1s Wasted. This may be of little consequence with commercially available
ligands such as 26, but for dendritic ancillaries such as 60 — 65, which involve many
tens of man-hours for their synthesis, it is of significant concern. The final refinement
of the “surfaces as ligands, surfaces as complexes” approach addresses this issue
(Figure 36). In this approach, the ligand-functionalized surface is either reacted with a
solution containing a 1:1 mixture of [Cu(MeCN),]" and the desired ancillary ligand (a
formulation equavlent to [Cu(LanCmmy)(MeCN)g]Jr (Figure 36a) or is sequentially
treated with [Cu(MeCN)s]" followed by Lanciiary (Figure 36b). Both of these

approaches are successful (181,186,188,198).
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Figure 36 The atom-economical “surfaces as ligands, surfaces as complexes”
approach. The anchoring ligand is first bound to the semiconductor and then either
(a) reacted with a solution containing a 1:1 mixture of [Cu(MeCN)4]"and Lanciliary OF

(b) sequentially reacted with with [Cu(MeCN),]" followed by Lanciltary-

Finally, we note that it is possible to use this strategy to regenerate “dead” DSCs. The
bleaching process involves loss of copper(I) and not detachment of the anchoring
ligand from the surface (7198). We have demonstrated that treatment of a bleached cell
sequentially with [Cu(MeCN),]" followed by Lancillary regenerates the surface bound
dye (198). Such a regeneration is not possible, to the best of our knowledge, for DSCs

utilizing ruthenium dyes.
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3.6.4 The future

Is this approach limited to copper(I) DSCs? Here again, the first results are extremely
optimistic. We have shown that by generating a new library of anchoring ligands 66
and 67 and ancillary ligands 68 — 75 based upon tpy metal-binding domains (Figure
37) the strategy can be extended to octahedral metal centres and we have given proof
of concept with zinc(II) surface bound materials. In this case, although the d'° zinc(II)
centre does not give strong MLCT bands, by using ancillary ligands which absorbed
strongly in the visible, it was possible to fabricate functioning DSCs (799,200,201).
The strategy used was based upon Figure 36b, in which the surface was first
functionalized with the anchor 66 or 67 and subsequently sequentially treated with
zinc(II) salts and the ancillary ligand. This indicated a development of the approach in
which it should be possible to combine metal-centred and organic dyes for optimal
sensitization across the spectrum. This has been demonstrated by the use of the

ancillary ligand 75.

One of the major disadvantages of copper(I) DSCs is that the spectral response is less
than with ruthenium-based or organic dyes. Very recently, we have shown that co-
sensitization of copper DSCs with the blue organic dye 76 gives robust and
sustainable devices with performances beginning to approach state-of-the-art
ruthenium dyes; the best performing co-sensitized system achieved an efficiency of
65.6% relative to N719 (189). We consider that the hierarchical approach is ideally
suited for the fabrication of panchromatic systems using multiple and complementary
chromophores. We recently reported a first approach to functionalization with

multiple complexes in the preparation of efficient copper(I) DSCs bearing surface-
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bound [Cu(18)(Lancittary)]” (Lancittary = 39 and 40) (190) and organic dyes in hierarchical

assemblies.

The sequential treatment with metal ion followed by ligand opens up a new possibility
for the designed assembly of interfacial hierarchical systems. Although one-
dimensional coordination polymers are potentially conducting wires for interfacing
nanostructured devices, the selective interfacing and orientation with respect to the
surface is usually difficult to control. We have recently shown that if the ancillary
ligand is ditopic, it can convert a "surface as complex" back to a "surface as ligand"
(Figure 38). Consider the ditopic ligand 77 which contains two spatially separated bpy
metal-binding domains optimized for copper(I) by the methyl groups at the 6,6'-
positions. Sequential treatment of a surface functionalized with 18 (A) with
[Cu(MeCN),]" followed by 77 gives the surface-bound complex [Cu(18)(77)]", B.
However, B is not only a complex but it is also a ligand by virtue of the
uncoordinated bpy metal-binding domain. Subsequent treatment with [Cu(MeCN),]"
followed by 77 gives the surface-bound dinuclear complex [Cu(18)(77)Cu(77)]*", C
which is once again both a complex and a ligand. Further treatment with
[Cu(MeCN),]" followed by 77 gives the surface-bound trinuclear complex
[Cu(18)(77)Cu(7)Cu(7D]*, D (181). Repeated cycles of treatment with
[Cu(MeCN)4]" followed by 77 allows the iterative assembly of the one-dimensional
coordination polymer linked to the surface by the anchoring ligand (181). A very
subtle change in the ditopic ligand from 77 which has two metal-binding domains
optimized for copper(l), to the heteroditopic ligand 78 which possesses a metal-

binding domain optimized for copper(I) and one which can bind a {Ru(bpy),} moiety
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allows the specific and spatially controlled synthesis of heterodinuclear complexes

containing two different metal-based chromophores (181).

68 X=H 73 X=H
69 X=0OMe 74 X=0OMe
70 X=0"Bo

71 X =0%Bu

72 X =0"0ct

75 X=H
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Figure 37 The new library of anchoring and ancillary ligands developed for extension
of the “surfaces as ligands, surfaces as complexes” approach to octahedral metal

centres using tpy metal-binding domains to generate surface-bound

[Zn ( I-anchor)(I-ancillary)]2+-
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HO),0P
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Il

Figure 38 Using ditopic ancillary ligands the “surfaces as ligands, surfaces as
complexes” approach allows the specific synthesis of coordination polymers in a

controlled and stepwise manner.
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