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1. Introduction.

Ceo fullerene is an icosahedral shaped nanosized molecule and is a useful building block to

form various ordered functional nanostructures due to its size, shape and physicochemical
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properties. To date fullerenes have found application in various fields such as the preparation
of novel materials for molecular electronic devices and sensprsgintronic[2] and
photovoltaic[3] devices, liquid crystalline mesomorphic materials[4] and protective films[5]
as well as materials for medical applications such as drug delivery,[6] imaging,[7]
photodynamic[8] and radiotherapy.[9] Chemical functionalisation of the fullerene cage can
be easily achieved allowing the introduction of various functional groups which can both help
to control and manipulate the fullerene molecules and tune the properties of the resulting
hybrid compounds.[10] The combination of fullerene cages with transition metal complexes
which are known to possess a variety of functional properties such as electron donating and
electron accepting capacity, intense light absorption, magnetism and catalytic activity is a
diverse strategy which can enhance and tune the properties of the resulting fullerene-
containing compound. This route allows the formation of materials which display hybrid

properties whilst retaining the characteristic features of the individual building blocks.

Cso, the most abundant fullerene, is an electron deficient polyolefin, spherical in shape with a
crystallographic diameter of 0.7 nm and van der Waals diameter of 1 nm (Figure 1, top). It
has a triply degenerate low-lying LUMO (Figure 1, bottom) and hence is an excellent
electron acceptor able to accommodate up to 6 electrons per molecule.[11] The electronic
spectra of g fullerene show several strong absorptions between 190 and 410 nm as well as
some forbidden transitions in the visible region.[12] Due to its excellent light-harvesting
ability Cgo fullerene can be easily photoexcited at different wavelengths forming a singlet
excited state 'Csg*) Which then relaxes into the triplet excited stai€s§*), both of which

exhibit characteristic absorption spectra.[13]
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Figure 1. Crystallographic and van der Waals dimensions and molecular orbital diagram of

Ceo fullerene, illustrating its nanoscopic size and electron accepting ability respectidgly.[

Transition metal complexes which generally tend to be good electron donors and also
excellent light acceptors are ideal candidates to combine with the fullerendoctuyen
photoactive donor-acceptor (D-A) dyads for green energy production. A number of studies
have been conducted to estimate the performance of fullerene-transition metal complexes as
elements for solar cell fabrication. To estimate the potential of such compounds for artificial
photosynthesis devices photoinduced processes in these compounds are investigated using
transient absorption and time-resolved infrar€RIR) spectroscopies, and the lifetimes of
charge separated states are compared. A number of reviews describe different types of

fullerene-containing D-A dyads, including some transition metal complexes of fullerenes.[15]

Being a large polyunsaturated moleculgg fOllerene possesses a large spheriealectron

surface which is likely to engage imn stacking interactions with various polyaromatic
hydrocarbons and extended carbon supports, self-assembling into well-ordered 1D, 2D and
3D supramolecular arrays.[16,17] This ability can be utilised to order and deposit fullerene-
tagged molecules, including transition metal complee®8D networks on surfaces or as
quasi-1D chains in narrow carbon containers and form heterogeneous systems which retain
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the individual properties of the transition metal complex. For instance, functional monolayers
from carbon nanostructures including fullerenes, carbon nanotubes and graphene, showed

potential as novel materials for energy conversi@j.|

Combining Go and transition metals in one molecule can yield novel compounds which
exhibit the properties of the individual building blocks as well as hybrid properties due to
intramolecular fullerene-transition metal interactions. These compounds have potential for
application in various fields, depending on the nature of transition metal and the way the
fullerene and the transition metal are connected. This review summarises this class of
compounds with specific emphasis on the properties and potential applications of the

individual compounds.

1.1. Classification of fullerene-transition metal hybrids.

There are numerous ways in which to combine fullerene cages with transition metal centres.
Uncoordinated individual metal atoms or ions and small metal containing clusters can be
trapped inside the fullerene cage during the fullerene formation process to form endohedral
metallofullerenes. These are elegant structures with high symmetry and have well-defined but
externally inaccessible metal centres. The range of metals that can be trapped inside the
fullerene cage is limited to Grouplll- metals such as scandium and the lanthanides, which
makes endohedral fullerenes ideal for preparation of functional materials for applications as
MRI contrasting agents and as electron-accepting blocks in photovoltaic devices. This class

of compounds has been extensively reviewed recently.[19]

The addition of metal centres or metal containing functional groups to the outside of the
fullerene cage to form exohedral metal-fullerene systems is a more versatile approach and
allows a wide range of transition metals to be attached to the fullerene cage using relatively

straightforward synthetic methodologies. It has resulted in the preparation of a wide range of



systems combining one or more fullerene cage/cages with transition metal centres. A review
by M. D. Meijer, et al describes in detail the structures reported up to 20P1n[ this
review we summarise the advances in this area in the past decade, focusing primarily on the

functional properties and applications of these exciting systems.

It is possible to classify exohedrally functionalised fullerenes into three major groups based
on the type of bonding between the fullerene cage and the metal containing moiety. These are
1) organometallic compounds in which the metal is attached directly to carbon atoms of the
fullerene cage; 2) systems in which the metal centre is coordinated to a metal binding moiety
attached to the fullerene cage using covalent or non-covalent interactions)and 3
cocrystallates, host-guest inclusion complexes and fulleride salts in which pristine fullerene
cages and metal species are bound by non-covalent interactions such as vanlsler Waa

electrostatic forces.

2. Organometallic fullerene-metal complexes.

Cso and the rest of the fullerene family are electron deficient polyolefins and can act as metal
binding ligands coordinating transition metals in different binding modes directly to the

carbon cage. Examples of the varioys i@etal binding modes are presented in Figure 2.
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Figure 2. Possible metal binding modes of fuller&ied2] Reprinted with permission from

re. Copyright 2010 Springer.

A number of complexes of this type have been synthesised and characterised incorporating a
wide range of heavy, mainly second and third row transition metals attached to the fullerene

cage (Table 1).

Table 1. Organometallic compounds @h@nd higher fullerenes.

Fullerene | Metal Binding Ceo:M | Properties/comments Ref.
mode ratio

Ceo R nt 1:2 - 23

Ceo Cd n° 2:2 Paramagnetic at room temperature, diamagnet 24
low temperatures

Ceo Co n 2:2 - 25

Coo Ni° n° (1:1), | Diamagnetic linear coordination polymer 26

Ceo, Cro | Ni° n? 1:1 - 27,

28

Cso Mo® nz 2:1 Electronic communication between two fullerer] 29
in the ground state

Ceo Mo, WP | 12 2:1 Electronic communication between two fullererf 30
in the ground state

Ceo Rhe n° 2:6 Strong electronic communication between t 31

cluster fullerenes in the ground state

Ceo RH, I n? 1:1 Optically active complexes with enantiome| 32

ligands




Cso, Cro R, P& n2 1:1 Catalysts for acetylenic bond hydrogenation 33
Coo Pd " 11 Catalyst for hydrogenation of acetylenic alcoho| 34
Ceo, Cro | Pd n? 1:1 Redox activity 35,
36
Ceo Pd; PC |2 2:2 - 37
Ceo; Open| W° " 11 Catalyst for alkyne-alkyne coupling and alky 38
cage Go scission induction
Cso w° nz 1:1 Catalyst for C-H bond activation 39
SeC,@C | RE n? 1:3 - 40
82
Ceo o¢’ n? 1:3 Nanotube encapsulation 41,
42
Cso od n’ 1:3 Redox activity 43
Ceo PP n° 1:1 Ab initio binding energy calculations 44
Li'@Cs | PL, I n 1:1 - 45
Coo Iry cluster | n*, n' n% n? | 2:4 Electronic communication between the t| 46
fullerenes in the ground state
Ceo 2“:’ Ad, n;/ns: nin® | 111 - 47
u
Ceo AU’ > n? 1:1 - 48
CeH3 Os 1’]4 1:1 - 49
cluster
Ceo Cr“'“, cr, | n° 1:1 - 50
mglv’
Cso Fe' n° 1:1 Monolayer on a silicon oxide surface for organi| 51
field effect transistors (OFET)
Ceo Fé' n° 1:1 Monolayer on Au(111) electrodes studied by in| 52
situ electrochemical STM
Ceo Fé' n° 1:2 Redox activity, electronic communication 53
between two metal centres
Ceo Fé' n° 1:1 Redox activity 54
Ceo Fé' n° 1:1 Liquid crystalline properties 55
Ceo Fé' n° 1:1 Photoinduced charge transfer with lifetimes of | 56
1:2 30 ps; shorter for double-decker complex
Ceo Fé:l, Cd, |n° 1:1 - 57
RU', Ré
Cso Fd R [n° 1:1 - 58
Cso Fd,RU" [ n° 1:1 Chemical functionalisation of the 59
cyclopentadienyl ligand
Ceo Fe,RU [ n° 1:1 Photoinduced charge transfer with lifetimes of| 60
ps for Fe; no charge transfer for Ru
Cso Fd,RU" [ n° 1:1 Self-assembled monolayers (SAM) on indium| 61
oxide (ITO); bidirectional photocurrent upq
irradiation
Coo Fe,RU | n° 1:2 Redox activity; electronic communication 62
1:3 between the metal atoms
Ceo co" n° 1:1 Stabilisation of aromatic four-membered rings | 63
2:2
Ceo Co" n° 2:2 Tetrathiafulvallene (TTF) as additional electr| 64

donor; photoinduced charge separation V|
lifetimes of 36-65 ps; non-linear optical properti




Cso, Cro Zn, n° 1:2 Theoretical study 65
2:2
Coo RuU,Pd [n° 1:1 - 66
Cso RU' n° 1:1 Catalysts for isomerisation of 1-decene il 67
internal decenes
Ceo Rh' n° 1:1 - 68
Ceo R€ n° 1:1 Redox activity 69
Ceo Pd; Fd | nZ 1:1:1 | Redox activity 70
Metallocené
Ceo Co | Pd, P, [ 02 111 |- 71
Fe' Metallocend
Cso Fe' Metallocené | 1:1 Redox activity; fluorescence quenching |72
electron transfer and energy transfer processes
Cso Fe' Metallocené | 1:1 Redox activity; fluorescence quenching | 73
electron transfer and energy transfer processe
Ceo Fe Metallocené | 1:1 Liquid crystalline properties; photoinduced chal| 74
separation with lifetimes of 490-560 ns
Ceo Fé' Metallocené | 1:1 Redox activity; photoinduced charge separal 75
with lifetimes of 0.1-50 ns
Coo Fe Metallocené | 1:4 Redox activity; no ground state electronic 76
2:4 communication
Ceo Fé' Metallocené | 1:2 Liquid crystalline properties; redox activit] 77
1:4 fluorescence quenching
Cso, Open| Fé' Metallocené | 1:1 Redox activity 78
cage G
Ceo Fé' Metallocené | 1:4 Redox activity; electrocatalyst for hydrog( 79
peroxide reduction
Ceo Fe Metallocené | 1:1 Redox activity; fluorescence quenching; “C| 80
sensor
SeN@G; | Fé' Metallocené | 1:1 Redox activity; charge separated state with 844 81
0 ps lifetime
Cso Fe' Metallocené | 1:2 Excitation wavelength dependent ultrafi 82
photoinduced charge transfer (CT) with 12-88
lifetimes
Ceo Fe Metallocené | 1:1 Photoinduced charge separation with lifetimes 83
26-50 ns
Ceo Fé' Metallocené | 1:1 Liquid crystalline properties; photoinducq 84
processes
Cso Fe' Metallocené | 1:1 Triphenyl amine and BODIPY as chromophor| 85
photoinduced charge separation with lifetimeg
416 ps
Ceo Fé' Metallocené | 1:1 Photoinduced charge separation with lifetimeg 86
94 us; spatially separated radical-ion pair (RIP)
Ceo Fé' Metallocené | 1:2 Photoinduced charge separation with lifetimeg 87
1:6 45-127 ps for 1:2 complex; no charge transfe
1:12 1:12 complex
Cso Fé' Metallocené | 1:1 Ferrocene-naphthalenediimide-fullerene tri{ 88
photoinduced charge separation with lifetime
935 ps
Ceo Fe' Metallocené | 1:1 Two-electrode energy storage device fabricg 89
and tested
Cso Fé' Metallocend | 1:1 BODIPY as chromophore; photoinduced chal 90

separation with lifetime of 500 ps




Coo Fe Metallocené | 2:1 Redox activity; fluorescence quenching 91
Cso Fé', RU" | Metallocenéd | 1:1 Redox activity; fluorescence  quenchir 92
photoinduced charge separation with lifetime
100 ns for ruthenocene dyad, no charge transf
ferrocene dyad Fc
Cso Fe', R4 | Metallocend | 1:1 Redox activity 93
2:1

% Metallocene covalently attached to the fullerene cage via a linker group.

It is clear from Table 1 that a large number of transition metals can be attached to the
fullerene cage in order to form organometallic compounds such as Ni, Co, Cu and Fe from
the first row, Mo, Ru, Rh, Pd and Ag from the second row and W, Re, Os, Ir, Pt and Au from
the third row of the transition metal block of the periodic table. The metal centres

predominantly formm? or n° complexes however there adew notable exceptions which

form n', | n® andn* complexes (Figure 3, compoungs).[46}49] The overlap between

the n-system of the fullerene cage and the d-orbitals of the transition metal determines the
properties of these systems and results in strong electronic coupling between the two
components of these complexes. The strength of these interactions has been extensively
probed by electrochemical techniques, absorption and emission spectroscopy and

photophysical methods.

The metals which can be attached in?&ashion to the [5,6] or [6,6] bond of the fullerene

cage consist mainly of the zero-valent second and third row transition metals or metal clusters

] Ir, Re and

Os[41,42,48] with only Cp[44,25] and Ni[R6R&presented from the first row. An example

()

such as w,[3F,58,:;9No,|Er Pd[34f36] Pt{37]44] Rh[31]3

of a 1:1 fullerene-metal complex is presented in Figure 3, showing an Ir complex containing
an enantiomeric phosphine ligand resulting in an optically active comnd.[32] Late
transition metals reported to be attached inrfhdashion are typically catalytically active

showing activity in various reactions, for example both Pd and Rh fullerene complexes are

observed to promote acetylenic bond hydrogenetior,[33,34}1Wdullerene complex was




found to induce interligand alkyne-alkyne coupling and alkyne scission rens[38] as well
as C-H bond activation and C-C bond form[39] which suggests potential application in
catalytic alkyne oligomerisation and metathesis reactions. Such compounds also possess rich
electrochemical properties showing several reduction and oxidation waveyclic
voltammetry corresponding to fullerene cage based reductions and metal-based oxidations
These systems are fully conjugated due to the nature of the fullerene-metal bond, which
allows strong ground-state electronic communications between the different parts of the

complex. This has been demonstratedsimcalled dumbbell type structures which contain

two fullerene cages connected via eitasmgle metal atom such as IMo|29,30] of W[30hor

metal cluster such as4 or Rh; (Figure 3, compound4 and5). Cyclic voltammetry
is dominated by the sequential fullerene cage reductions, and demonstshiésof the
reduction potential for the addition of a second electron towards more negative values for

such complexes.
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Figure 3. Examples of an? Ir complex q.), an® Au complex @), an® Ag complex
(3) and two dumbbell structures in which two fullerene cages are conneci@/\vaom
(4) and a Rhg cluster 6). Reprinted with permission from ref 32, Copyright 2011
Elsevier; ref 47, Copyright 2011 American Chemical Society; ref 30, Copyright 2002 Royal
Society of Chemistry; and ref 31, Copyright 2002 American Chemical Society.

n° complexes of fullerenes, or so-called buckymetallocenes, allow the coordination of metal
centres in different non-zero oxidation states to the centre of the five-membered ring of the

fullerene cage (Figure 4, compourid0). Metals that can be coordinated in this fashion are

typically the smaller first and second row transition metals such as fFe|[51-62]|Cq,[57,63,64]

7] P6]\/Ioi and Rhl however, a few examples of

Re[57,69 from the third row have also been reported. Additional ligands around the metal

(0))

Cr,ﬁ] Rul[59-62,6p,

centre, usually represented by cyclopentadienyl, carbonyl or alkyl groups, can beatlgemi
functionalised, as has been demonstrated for the cyclopentadienyl Fe and Ru
buckymetalloceneg] to yield useful molecular building blocks. These compounds possess
rich electrochemistry, especially in the oxidation region as metallocenes such as ferrocene,
cobaltocene and ruthenocene are known to be good electron donors. The combination of such
metal centres with the excellent electron accepting ability goff@lerenes introduces the
possibility of creating donor-acceptor arrays capable of photoinduced energy and electron
transfer processes formingsdGD™ radical ion pairs (RIP). This has resulted in these

systems being suggested as potential materials for artificial photosynthetic devices and has

been thoroughly investigatg d.‘56 60,64]
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Figure 4.m° complexes of g with Fe and Ru§, 7), double-decker,® complexes of

and Go with Fe 8, 9, M=Fe, Ru)[62,56] and a dumbbell type compound linked via two

n>-Co moieties and tetrathiafulvallen&O][. Reprinted with permission from ref 67
Copyright 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; ref 56, Copyright
2008 American Chemical Society; ref 62, Copyright 2009 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; and ref 64, Copyright 2009 American Chemical Society.

Cyclic voltammetry of these bucky ferrocene systems typically shows three quasibieve
reduction processes corresponding to the addition of electrons to the fullerene cage at
approximately -1.3, -1.9 and -2.3 V respectively and a quasi-reversible or irreversible metal
based oxidation in the region of 0.5-0.6 V vsT/Fc.] The addition of a second and third

Fe or Ru metal centre can be achieved to feowalled double-decker systems, and the

relative configuration of the metal centres can be precisely controlled using a carefully

designed organic teth§$253,56] These systems exhibit strong ground state electronic

communication between the metal centres which results in aishifie potential of the

12



second and third metal based oxidations towards more positive valuasthedsame time
causes a shift in the fullerene cage based reductions towards more negative potentials.
Moreover, these compounds possess excellent photophysical properties, with the Fe
complexes found to form photoinduced,GFe" Cp (where Cp is cyclopentadiene) charge

separated states, however such separation is relatively short lived with lifetimes of ~30 ps due

to strong metal-gp electronic coupling.[56,40Such charge separation was not observed in

similar Ru containing systems which was attributed to the poorer electron donating properties
of ruthenocene compared to ferroc.[60] Attaching a strong electron donor,
tetrathiafulvalene (TTF), to the fullerene cage via a fully conjugated cobaltocene type linker
resultedin a system with a short liveds€-CoCpTTF charge separated state of 35-65 ps

This was attributed to strong electronic communication between the constituent parts of the
molecule causing fast charge separation but also fast charge recombination psses.[64]
The exciting properties of these systems make them potential candidates for various
molecular electronic devices, and a few examples of such devices have been already reported,
including an organic field effect transistor (OFET) containing monolayers of bucky ferrocene
on a silicon oxide surface¢,[§1and a photoswitch containing self-assembled monolayer
(SAM) of single iron atom doped fullerenes on indium tin oxide (I’Er.[Gl] The catalytic
properties of these systems have also been investigated with a Ru containing fullerene

complex found to be an efficient catalyst for the isomerisation of 1-decene into internal

deceneﬁﬂ

To improve the photoinduced charge separation properties of bucky ferrocenes and to avoid
fast charge recombination non-conjugated or partially-conjugated linkers have been utilised
to separate the ferrocene and fullerene moieties. This has resulted in the formation of the

whole new class of organometallic fullerene-metallocene compounds (Fjgure 5

13



Figure 5. Examples ofdgferrocene containing speciélSL 12, 13, and14),

in which the ferrocene is attached to the fullerene cage via various bridging groups. Reprinted

with permission from ref 83, Copyright 2006 Royal Society of Chemistry; ref 93, Copyright
2013 Royal Society of Chemistry; ref 87, Copyright 2009 American Chemical Society; and
ref 88, Copyright 2011 American Chemical Society.

Attaching the metallocene centre/s to the fullerene cage via a linker group has a deastic ef
on the properties of the molecule. When the conjugation between the fullerene cage and the

metal centre is disrupted by one or morétsybridised carbon atoms of the linker this results

in the minimising of intramolecular electronic communications in the ground|state]70-93

Cyclic voltammetry shows only negligible changes in thg potential of the first, second

and third recuctions of the fullerene cage in the presence or absence of ferrocenweihit as

as no shift in the £ of the ferrocene unit oxidation process in the presence or absence of the
fullerene cagFurthermore, cyclic voltammetry of dumbbell shaped bisfullerene species
in which ferrocene (Figure 6, compoundlS, 16) or a ferrocene containing cluster are
attached via pyrrolidine groups bridged between two fullerene cages (Figure 6, compound

17), shows no ground-state intramolecular electronic communication between the fullerene

14



units: the addition of the first and second electrons to the fullerene cages are observed to

occur simultaneously at identical potentipls|[7$,91

Figure 6. Structures of ferrocene-bridgedso-@umbbells containing non-conjugated

fullerpopyrrolidine linkers 15 and 16), and a tetrairon cluster ¢fey(CO), bridged

bisfullerene 1.7). Reprinted with permission from ref 91, Copyright 2012 Royal Society

of Chemistry; ref 76, Copyright 2013 Royal Society of Chemistry.

However, excited state communicatienstill present in this type of compound as observed

by the effective quenching of the fluorescence of the fullerene singlet by the ferrocene

moiety.

[71

.94

P The mechanism of such quenching is however still a subject of debate and is

suggested to occur either by electron transfer from the ferrocene moiety to the fullerene

singlet state, or by energy transfer from the triplet state of the fullerene to the ferrocene

15



unit. As well as a good electron donor, ferrocene is also a good energy acceptor with a
triplet energy of only 1.16 eV compared to 1.50 eV’®@y, ,[94] however both the ferrocene
cation and ferrocene triplet posses no significant absorbtion or emission signatures, and can
only be detected by indirect measurements, therefore it is difficult to distinguish between the
formation of a charge-separated RIP and a ferrocene triplet. Nevertheless, examples of the
generation of radical-ion pairs upon photoecitation have been reported for fullerene-ferrocene

dyads with various linker (Figure 7, compouri@s23) with lifetimes ranging from hundreds

of picoseconds[d1,32

B7] to several nanoseconfis[B3,92] and even micronds.[86] This is

several orders of magnitude longer than those observed for the fully conjugated fullerene
containing donor-acceptor systems due to the presence of a significantly slower charge
recombination step. This makes compounds of this type potential candidates for use in

molecular electronics, artificial photosynthesis and energy storage des.[89

16



H,C(OH,CH,C)0

Figure 7. Examples of dgferrocene dyads linked via non-conjugated or partially-conjugated
linkers such as phenylenevinylendS)( polyvinylene 0.9), ester 20),
oligothiophene :{1), and BODIPY containing é-ferrocene compositesZZ{ and
23). Reprinted with permission from ref 73, Copyright 2008 Royal Society of Chemistry;
ref 72, Copyright 1997 American Chemical Society; ref 75, Copyright 2006 American
Chemical Society; ref 82, Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim; ref 90, Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

17



Fullerene-ferrocene dyads can be incorporated into functional materials with a range of useful
properties. For examplea Cgo-ferrocene composite has been shown to be an effective
electrocatalyst for hydrogen peroxide reduc,[79] and therefore can be incorporated into
electrochemical kD, sensor devices. Furthermore, liquid crystalline properties can be
introducedinto these systems by adding bulky chains to the side of the molecule which,

combined with the presence of the metallocene moiety, makes these compounds interesting

functional materials (Figure 8, compound® and 25).[74,74,84] Such dendritic

fullerene-ferrocene dyads were found to form smectic A layers, and exhibit electrochemical
properties consistent with the individual components. Furthermore, light-induced
charge-transfer processes have also been detected with the formation of charge-separated
states which have lifetimes of up to 560 ,[74] which makes these materials valuable

candidates for the development of supramolecular switches.
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Figure 8. Examples of dendriticséferrocene dyds exhibiting liquid-crystalline properties
(24 and 25). Reprinted with permission from ref 74, Copyright 2004 Royal Society

of Chemistry; ref 77, Copyright 2006 Elsevier.
3. Fullerene containing metal coor dination complexes.

The development of fullerene based organic chemistry has led to the covalent attachment of a
variety of different metal coordinating moieties to fullerene cages. This has enabled the
coordination of a wealth of different transition metals to fullerenes and has led to the
formation of numerous stable and versatile systems with tuneable properties. Different metal
binding moieties can be used #tabilise a wide range of transition metals in various
oxidation states, whilst the geometry of the metal centre can be precisely controlled by the
choice of the metal binding group. Additionally, the fullerene to metal separation can be
adjusted by the careful choice of covalent linker introducing a mechanism to control

intramolecular interactions within these systems.

A number of metal binding moieties have been attached to the fullerene cage either

covalently or using non-covalent supramolecular interactions.
3.1. Metal binding groups covalently attached to the fullerene cage.
3.1.1. N-donor ligands.

The majority of reported metal coordinating ligands attached to the fullerene cage are
N-donors and can be classified by the number of coordination sites as monodentate (pyridine,
imidazole), bidentate (bipyridine, diazafluorene, dipyrrin), tridentate (terpyridine) and

tetradentate (porphyrin and phthalocyanine) ligands which result in the formation of square-

pyrimidal, octahedral or square-planar complexes respectively.

3.1.1.1. Monodentate N-donor ligands.
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A large number of examples of fullerenes functionalised with monodentate N-donor ligands
such as various pyridine and imidazole derivatives attached via pyrrolidine, imidazole,
cyclopropane or cyclohexene linkers have been reported (Figure 9, Table 2). Pyridine and
imidazole functional groups are known to coordinate to the axial position of square planar
transition metal complexes such as substituted porphyrins and phthalocyanines forming
supramolecular dyad and polyad systems with square pyramidal or square bipyramidal metal
centres (Scheme 1), the first example of the coordination of a pyridine-functionalised
fullerene being reported in 19995 Table 2 summarises the structures of coordination
compounds formed by pyridyl or imidazole functionalised fullerenes and different transition
metal containing moieties reported since then and details the formation process and the

resultant properties of the complexes.

Figure 9. Examples of g fullerene functionalised with monodentate N-donor ligands, such
asa 4-pyridyl group attached via pyrrolidin2g[96]) or cyclopropane2(7) linkers, an
imidazole group48),[97] two 4-pyridyl groups on the same pyrrolidine link2®)([98] two
spatially separatated 4-pyridyl grou@9),[99] and three pyrid binding groups on the same
pyrrolidine linker @1).[100] Reprinted with permission from ref 96, Copyright 2010
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; ref 95, Copyright 1999 Royal Society
of Chemistry; ref 97, Copyright 2014 American Chemical Society; ref 98, Copyright 2014
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WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; ref 99, Copyright 2009 American
Chemical Society; ref 100, Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Table 2. Complexes of monodentate N-dongyd®@ntaining ligands.

Fullerene | Metal and Ligand on| CsoM | Additional Binding constant | Lifetime Ref.
cage ancillary the ratic® | chromophore (Ko MY of charge
ligand fullerene separated
state
Ceo Eu’ 2-Pyridyl, | 1:1 - - - [100
3-Pyridyl
Cso Zn, Coand | 3-Pyridyl | 1:1 - 8.4x1d in - 101
Mn 1:2 cyclohexane
Porphyrin
Ceo Zn Porphyrin| 3-Pyridyl 1:1 - 4.4-8.5x10in - 102
toluene
Cso Ad' 3-Pyridyl, | 1:1 - - - 103
4-Pyridyl
Cso cd' 4-Pyridyl | 1:2 - - - 104
Coo Fe Porphyrin| 4-Pyridyl 11 H, Porphyrin 1.2-3.2x18in 38 ns; 20 105
ODCB us
Ceo Zn Porphyrin| 4-Pyridyl 1:1 3.6x10 in C;Dg -
Ceo Zn Porphyrin| 4-Pyridyl 1:1 - 2.3-2.4x101n - 106
CHCl,
Coo Zn Porphyrin| 4-Pyridyl 1:2 Zn 1.7x16in ODCB | 1.7 ns 107
Phthalocyanine
Ceo Zn Porphyrin| 4-Pyridyl 1:2 - 7.3x1d in 1,2- 230 ps 108
difluorobenzene
Coo Zn Porphyrin| 4-Pyridyl 1:2 H, Porphyrin 1.8x10 in ODCB | 160-170 | 109
2:4 ns
Ceo Zn Porphyrin| 4-Pyridyl 1:1 - 1.4-7.4x10in - 110
ODCB
Cso Zn Porphyrin| 4-Pyridyl | 1:1 - 1.3x10-3.2x1G in | - 111
1:2 CH2C|2
1.6
Coo Zn Porphyrin| 4-Pyridyl 11 Perylenediimide| 3.4x10in ODCB |1 ns; 3.8 112
ns
Ceo Zn Porphyrin| 4-Pyridyl 1:2 Azabodipy 1.9x10 in ODCB | 5.5 ns 113
Cso Zn Porphyrin| 4-Pyridyl | 1:3 Zn 1.2x10 in ODCB | Not
phthalocyanine specified
Ceo Zn Porphyrin| 4-Pyridyl 1:6 - 1.5x1d in toluene | Not 114
specified
Cso Zn Porphyrin| 4-Pyridyl | 1:1 - 0.94x10; 1.8x1d; | 250-1076 | 115
2.0x1d in ps in
chlorobenzene chloroben
zene
Coo Zn Porphyrin| 4-Pyridyl 1:9 - 3x1CFin - 116
macroring benzonitrile
Ceo Zn Porphyrin| 4-Pyridyl | 1:9 - 8x10 in - 117
macroring benzonitrile
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Ceo Zn Porphyrin| 4-Pyridyl | 1:9 = 1x10-3x1C in - 118
macroring benzonitrile
La@Gs; Zn Porphyrin| 4-Pyridyl 11 - 8.9x1G in ODCB | - 119
La,@Cao 2.4x10in ODCB | -
Cso Zn, Pd 4-Pyridyl 1:2 Zn 1.0-3.4x16in 1.1-1.9ns| 120
Porphyrin Phthalocyanine | toluene
Ceo Zn 4-Pyridyl 1:1 - - 0.78 ns 121
Azulenocyan
ine
Cso Zn 4-Pyridyl | 1:1 BODIPY 1.7x1G in toluene | 39.9 ns
Phthalocyani
ne
Cso Ru 4-Pyridyl 1:1 - - - 122
(bipyridine),
Cso Ru 4-Pyridyl | 1:1 - - 130-170
Phthalocyani 2:1 ns
ne 1:2
Cso Zn Porphyrin| Imidazole; | 1:1 - 1.2x1d-1.2x1Gin | 1-4 ns
4-pyridyl CH.CI,
Ceo Zn Porphyrin| Imidazole | 1:1 H, Porphyrin - 100 ns 123
Ceo Zn Porphyrin| Imidazole | 1:1 Triphenylamine,| 3.6-4.6x18 in - 124
BODIPY ODCB
Ceo Zn Porphyrin| Imidazole | 1:1 Triphenyl 1.0x1d in toluene | 6.6us 125
amine,
Subphthalocyan
ne
Ceo Zn Porphyrin| Imidazole | 1:1 - - - 126
Ceo Zn Porphyrin| Imidazole | 1:1 - 2.8x10 in ODCB | 4 us 127
Ceo Zn Porphyrin| Imidazole | 1:1 - 7.4x10 in CH,Cl, 300 ns 128
n:12
Ceo Zn Porphyrin| Imidazole | 1:1 BODIPY 1.7x1d in ODCB | - 129
Cso Zn Porphyrin| Imidazole | 1:1 1,2o0r4 3.9x10-3.0x1d in | 4ns 130
BODIPY ODCB
Cso Zn Imidazole | 1:1 - 6.2x1d in toluene | - 131
Phthalocyani
ne
Ceo Zn Imidazole | 1:1 4 Carbazole 7.7x1Gin ODCB | 60 ns 132
Phthalocyani units
ne

2 Includes all metal centres in the molecule.

X X

Linker—</:\: IIIII(IIIEM:
— X X

~—

Scheme 1. Coordination of the fullerene containing pyfidand to the axial position of the

square planar metal complex.
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One, two or three pyridine groups can be easily attached togthea@e via pyrrolidine or
cyclopropane ring formation reactions to form stable and soluble lig&hdscoordination
chemistry of these molecules has been extensively studied, predominantly monitoring the
association of the fullerene ligand in solution with a variety of square planar porphyrin and
phthalocynine transition metal complexes using absorption and emission spectroscopy
techniques. By far the most commonly used metal complex is Zn porphyrin due to the fact
that it is a good electron donor and introduces the possibility of creating charge separated
states upon photoexcitation, however examples of Fe, Ru, Co and Mn complexes have also
been reported. Formation constants for these coordination complexes vary in the range of 1.2
x 10° — 3 x 10 M™ indicating strong coordination bonding and the high stability of such
systems (Scheme 1). Fullerene ligands bearing one pyridine group have been shown to form

1:1 G transition metal complexes when coordinated to monoporphyrin or phthalocyanine

moieties (Figure 1032-33).]95,9¢,10%104,106,11p,115,119,1PpWhilst examples of two

pyridyl fullerene molecules coordinating to one metal porphyrin moiety are rare (Figure 10,
compound36), the introduction of a second pyridyl grotpthe same fullerene ligand

allows it to coordinate to two metallated porphyrins or phthalocyanines forming 1:2

fullerene:metal complexes (Figure 10,34).1101,107-109¢,111,113,1P0 Fullerene

functionalised with three pyridyl units was successfully combined with Eu(lll) to form a 1:1

complex, however, only one pyridyl group participated in metal coordination (Figure 10,

compound35).|[100
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Figure 10. Examples of 1:1¢Py:Zn(Phthalocyanine)3p),[121] 1:1 GoPy:Zn(Porphyrin
(33),@] 1:2 GoPy:Zn(Porphyrin)-Zn(PhthalocyanineB4)|107] complexes, a 4Py)s-
Eu(lll) complex 65),@] and a 2:1 gPy:Ru(Porphyrin)-GPy (36). Reprinted with
permission from ref 121, Copyright 2012 Royal Society of Chemistry; ref 115, Copyright

2015 Royal Society of Chemistry; ref 99, Copyright 2009 American Chemical So@éty; r
107, Copyright 2013 Royal Society of Chemistry; and ref 100, Copyright 2008 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Coordination of these ligands with metal ions such as &gCd" leads to the formation of

dimeric species or quasi one-dimensional coordination polymerg,[103] or two-dimensional

metal-organic frameworks (MORs)[104] respectively (Figure 11). Such fullerene-linked
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MOFs show potential for hydrogen storage, as has been recently demonstrated by the DFT

study of the 2D network built upon the £@s;-node and p-dihydroxybenzene linker which

was estimated to be able to bind molecular hydrogen in the range of 8.0-B331%0.[

Figure 11. a) 1D coordination polymer built by binding *Agith a Go-bispyridine

monoaddud

t[10B] and b) 2D network based onegbBpyridine bisadduct and €104

Reprinted with permission from ref 103, Copyright 2007 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim; and ref 104, Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

Incorporating more than two metal containing units and ojec&je has been achieved by

coordination ofa tripod-like functionalised ¢ bearing three pyridyl groups in addition to a

porphyrin macroring containing nine Zn porphyrin units (Figure 12, structGres

39).

116

119

] Formation constants for 1:}¢@netal complexes are generally slightly lower

(between 1.2 x T0- 8.5 x 1¢ M%) than those of the 1:2 complexes (between 7.3*x B4

x 1 M) in which two transition metal centres are both coordinated to the fullerene
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containing bis-pyridyl ligands (Figure 10, compous#). The highest association constant
values are achieved for the tripod-like tris-pyridyl ligands coordinated to three out of nine Zn

porphyrins of the macroring (between 1%Bx10® M) (Figure 12).

37 38 39

Figure 12. Examples of tripodals&tris-pyridyl ligands 88 and 39) able to self-assemble

with Zn porphyrin macrorings37).|116}118] Reprinted with permission from ref 118

Copyright 2011 American Chemical Society.

The resultant properties of these systems are generally determined by the characteristic
features of the individual moieties, such as the electron accepting ability of the fullerene cage,
and light-absorbing and electron donating properties of the Zn porphyrin moiety. This results

in these systems being ideally suited to form charge separated states upon photoexcitation

with relatively long lifetimes ranging from ps {os. Thus, 1:1 and 1:2 Zn porphyrin

complexes are observed to form charge separated states with|230 ps[108] anE;O ps[121

lifetimes respectively. Interestingly, spatial separation of the pyridyl binding groupsnd C
by several phenylenevenylene units (Struct88e Figure 10) results in decrease of the

radical-ion pair lifetime from 991 ps to 259 ps due to significant increase in reorganisation

energy from 0.74 to 0.91 e).[1Ll&Endohedral La@§ and La@GCgo fullerene containing

pyridyl ligands coordinatedo a Zn porphyrin show similar charge separation and charge

recombination kinetics to those of thgy@ullerene derivative$.[1¢1,119] Ru phthalocyanine
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systems, which are better electron donors than the equivalent Zn complexes, result in the
formation of longer lived charge separated species with lifetimes of 130-1@ ns.[99] The
mechanism, dynamics and kinetics of photoinduced processes in these systems are discussed

in detail in the review by El-Khouly et al.34]

Additional components can be also introduced into these supramolecular systems which can
act as either electron donors, electron acceptors, or energy acceptors (chromophores), thus
allowing the creation of artificial antenna-reaction centre type complexes (Scheme 2).
Examples of the introduction of groups such as boron-dipyrromethene (BODIPY),
azaBODIPY, perylene diimine (PDI), free base porphyria gdrphyrin) ora second Zn
porphyrin or Zn phthlocyanine moiety have also been reported (Figure 13). This second
component acts as a chromophore resulting in an efficient energy migration to the Zn
porphyrin or Zn phthalocyanine unit followed by photoinduced electron transfer to the
fullerene moiety to yield a charge-separated state with good quantum vyield. Thus,
incorporation of perylenediimine (PDI) into the ZnPorphyrigly dyad (Figure 13,

structured0) increases the lifetime of the resulting radical-ion pair to 3.8 ns compared to only

1 ns in the absence of PDL[]1&corporation of another unbound Zn porphyinto the

Cso:Zn porphyrin/Zn phthalocyanine assembly (Figure 13, struetlirés reported to extend

the lifetime up to 1.9 np,[120] whilst attaching an azaBODIPY or BODIPY moiety torthe Z

porphyrin ring increases the lifetime of charge separated species further tq 5.3 ns[113] and

39.9 n] respectively (Figure 13, structd®). Attempts have been made to incorporate

this azaBODIPY-ZnPorphyriCsoPy tetrad into a photoelectrochemical cell and an incident

photonto-current conversion efficiency of up to 17 % has been reported.[113] Furthermore,

in the presence of the free-base porphyrin, thg-Zn(Porphyrin)’ radical ion pair does not

decay for up to 170 ns.[1pthterestingly, a free-base;Plorphyrin incorporated into asfPy-

Fe" (Cl)(Porphyrin) dyad (Figure 13, compoudd) acts as an electron donor resulting in a
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HoPorphyrin®™- CgoPy-F€&" (Cl)Porphyrin RIP with a lifetime of 38 ns, which then exhibits

evidence of an electron shift fromgdCto the ferric porphyrin unit with the formation of

H,Porphyrin*-CegPy-Fe' (Cl)Porphyrin with the lifetime of nearly 20 ps.f105 In contrast

the 1:9 complex, in which the fullerene is combined with the Zn porphyrin macroring
containing 9 electron donating units, did not result in the formaticmlofhg lived charge

separated state suggesting that the charge recombination rate was similar to that of the charge

separatior].[116

Electron transfer

m Energy transfer light
N F

——

AN
0585h Linker /_‘N....(.i.:m:z )— Chromophore
\Qpﬂ/ ~

Scheme 2. Schematic representation of the photophysical processes in a fullerene containing
pyridine ligand coordinated to the axial position of the square planar metal complex

containingachromophore unit.
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C/His g

Figure 13. Examples of incorporating chromophore units inggPYeM(Porphyrin) and
CsoPy-M(Phthalocyanine) dyads showing non-covalent attachment of perylenediimine unit
(40|112]), an unbound Zn(Porphyrin) uni4), azaBODIPY unit42|113]), and a free-
base porphyrin attached to thes&€" (Cl)Porphyrin ¢3[105]). Reprinted with permission
from ref 98, Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; ref,113
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Copyright 2012 American Chemical Society; ref 105, Copyright 2007 American Chemical
Society.

The metal coordinating ability of the imidazole functionalised fullerene are in the same range

as those of the pyridyl functionalisedoCwith the formation constants for the 1:1 fullerene :

metal complexes varying from 3.6 x*07.7 x 16 M™,[123132] a typical example of such

dyad shown in Figure 14 (structu4d). The photophysical properties of imidazole bridged
complexes with Zn(Porphyrin) or Zn(Phthalocyanine) are also similar to those of the pyridyl
bridged complexes, with long-lived charge separated ion pairs observed upon introduction of
a chromophoro the system. Thus, in the presenca®&ODIPY moietya lifetime of 4 ns

was achieved as a result of efficient energy transfer from the BODIPY moiety to the
ZnPorphyrin followed by electron transfer to the fullerene cage (Figure 14, strd&ure

however, further introduction of additional BODIPY moietiesl to a decrease in the

solubility of these systems.[1P9,13The addition of four carbazole moieties led to an

increase in the lifetime to 60 ns whilsg(Rorphyrin) enabled the formation of the ion pair

with a 100 ns lifetime.[12B] Finally, the introduction of triphenyl amine and

subphthalocyanine (SubPc) moieties into Zn(Porphyrin) (Figure 14, strd@uresulted in

the longest radical ion pair lifetime of 646.[125]
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Figure 14. Examples of agfmidazoleZn N-Confused Porphyrin supramolecular dyad

subphthalocyanine 46|125]) and

triphenylamine-BODIPY 47

(44]127]), and Golmidazole-ZnPorhyrin complexes containing BODIPY45),

124

) chromophores.

Reprinted with permission from ref 127, Copyright 2006 American Chemical Society; ref
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129, Copyright 2004 American Chemical Society; ref 125, Copyright 2010 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim; ref 124, Copyright 2012 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim.

3.1.1.2. Chelating bidentate and tridentate N-donor ligands.

A range of bidentate and tridentate N-donor ligands have been chemically attachedsto the C

fullerene cage, including,2’-bipyridine (bipy), 1,10-phenanthroline (phen), diazafluorene,

dipyrromethene (dipyrrin, digyand terpyridine (terpy) which can all bind a limited range of

transition metals forming octahedral charged complexes incorporating inorganic counter ions.

The summary of such compounds published in the last decade is presented in Table 3.

Table 3. Complexes of bidentate and tridentate N-doggc@taining ligands.

Fullere- | Metal | Ligand on | Cg:M Properties Luminesce-| Type of Lifetime | Ref
ne cage the ratio nce photo of excited
fullerene guantum induced | /charge
yield (D) process | separated
state
Ceo RU' Bipyridine | 1:1 Luminescence; | 0.09x10° |- - 135
incorporation into| /CH,ClI,
Zr phosphate 0.03 x10*
matrix; solid state| /CH;CN
luminescence
Ceo RU' Bipyridine | 1:1 Luminescence; | 0.83 x10" |- -
incorporation into| /CH,ClI,
Zr phosphate 0.21 x10'
matrix; solid state| /CH;CN
luminescence
Ceo RU" Bipyridine | 1:1 Luminescence; | 1.44x10% |CT 112 210 ns| 136
ultrafast light- CH.Cl,, in CHCl,
induced processe| toluene
Ceo RU' Bipyridine | 1:1 Luminescence; | 0.14x10"° | ET 0.27ns | 137
ultrafast light- /CH,CI,
induced processe| 0.07x10*
/ICH:CN
Ceo RU' Bipyridine | 1:1 - - - - 138
Ceo RU" Pyrazolino | 1:1 Luminescence; | 1x10% ET 28 s 139
Pyridine ultrafast light- /CH;CN
RU' Bipyridine | 1:1 induced processe| 2x10* ET 1.3us
/CH:CN
RU' Bipyridine | 1:1 <<Ix10* | ET 42 us
/CH:CN
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Cso RU" Bipyridine | 1:1 Luminescence; | - ET 20 us 140
RU' Bipyridine | 1:1 ultrafast light- - ET
RU' Bipyridine | 1:1 induced processe| - ET
Ceo RU' Bipyridine | 1:1 Ultrafast light- - ET 13us 141
induced processe
Cso RU' Bipyridine | 1:1 Amphiphilic Gy, | - - - 142
derivative for
incorporation in
Langmuir films
Cso RU' Bipyridine | 2:1 - - - - 143
Ceo RU' Bipyridine | 1:2 Luminescence; | 0.73 ET 22 ns 144
ultrafast light- /CH,CI,, unfavoure
induced processe| CH;CN d
RU' Bipyridine | 1:1 0.11 ET 30 ns
/CH,CI,, favoured
CH;CN
Cso RU' Bipyridine | 2:1 Luminescence; | 0.009 Competiti | Up to 145
ultrafast light- ve CT and 2.74ps
induced processe ET
Rée Bipyridine | 2:1 0.026 Competiti | Up to
ve CT and| 10.4pus
ET
Ceo RU' Bipyridine | 1:1 Luminescence; | 0.07x107 |CTand | 18pus 146
ultrafast light- CH.CI, ET
Rée Bipyridine | 1:1 induced processe| 0.02x107 | CTand | 14.9us
CH,CI, ET
Ceo RU' Bipyridine | 1:1 7.2x10% ET - 147
CH.Cl,,
2x10%
CH;CN
Rée Bipyridine | 1:1 4.4x10°/ ET 629 ns
CH2C|2
Ceo Ré Bipyridine | 2:1 Amphiphilic G5, | - - - 148
derivative for
incorporation in
Langmuir films
Cso Ré Bipyridine | 2:1 Luminescence 0.01 - - 149
Ceo cd' Bipyridine | 1:1 Delivery of metal | - - - 150
to SWNT
Ceo Pt Bipyridine | 1:1 Ultrafast light- - CT 56-331 | 151
induced charge ps; 98- 152
transfer 178 ns
Cso Cu Phenanthro| 2:1 Luminescence; | - CTand |- 153
line ultrafast light- ET
induced processe
Cso Cu Phenanthro| 2:2 Luminescence; | 5.1x10% CTand |- 154
line ultrafast light- CH.CI, ET
induced processe
Ceo Cu Phenanthro| 1:1 Luminescence; - ET - 155
line ultrafast light-
induced processe
Ceo zn" Dipyrrin 2:1 Luminescence | 2-6x10" CT 990-1516 | 156
ultrafast light- ps

induced processe
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Cso RU" Diazafluore| 1:1 Second order non - - - 157
ne linear optical
(NLO)
chromophore
Ceo Ir™ Diazafluore| 1:1 Second order - - - 158
ne NLO
chromophore
Ceo Ré€ Pyridazine | 1:2 Redox activity - CT 7105 ps 159
ultrafast light-
induced processe
Ceo cu' N,N’- 1:1 Paramagnetism | - - - 160
Dimethyl
ethylenedia
mine
Cso Fe', Terpyridine | 2:1 Photophysical an{ Non- ET - 161
cd' optical limiting lumines-
properties cent
Cso RU' Terpyridine| 1:1 Redox activity | - - - 162
Cso RU' Terpyridine | 1:1 Redox activity | - - 163
Ceo RU' Terpyridine| 1:1 Photophysical - CT - 164
properties
Cso RU' Terpyridine | 1:1 - - - - (137
Cso Open| RU' Terpyridine | 1:1 - - - - 165
cage
Ceo Open| RU' Terpyridine| 1:1 Optical limiting | - - - 166
cage properties

4ET = Energy transfer, CT = charge transfer.

The majority of reported systemsilise 2,2’-bipyridine as a metal binding moiety which

enables the coordination of second and third row transition metals such as Re,abd, Pt

respectively. Octahedrally coordinated Ru complexes are usually obtained from R@bipy)

via substitution of the chloride ligands with a thirdy @erivatised2,2’-bipyridine ligand

(Figure 1548 and49).|13513%,14

D] This process can be assisted by usihgatigns which

bind to the displacedCl" anions{[13

p Re complers are typically obtained via the

substitution of two carbonyl groups of Re(GOIl) with a Cgp derivatised2,2’-bipyridine

ligand resulting in the formation of octahedral BRemplexs

148

144

)] Both methods result

in the formation of 1:1 fullerene-transition metal complexes. To attach two fullerene cages

per Ru or Re centre dumbbell shaped 2,2’-bipyridine ligand, in which two fullerene cages

are appendetb different sides of a bipyridine moiety, was synthesised and subsequently

combined with the appropriate transition metal centre using the approach outlined above
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(Figure 15,51).|143,141 ,143,14|9] A rare example of two Ru centres attached to the same

fullerene cage was achieved by covalently attaching a metal binding moiety containing

spatially separated bipyridine units to the fullerene cage and subsequently reacting it with two

equivalents of the Ru precursor (Figure 8%),[144] Pt(ll) centre can also be incorporated to

the fullerene cage by ligand substitution of two DMSO groups in (DG}, complex

with the Gg-bipyridine ligand. The two chloride ligands can then be replaced with acetylide

groups containg various functional units such as phenyl, phenothiazipe[151] or

carbazole¢[15p] groups (Figure 1H). The onlyreported example of an octahedral Cgi-C

complex was obtained via substitution of the four water molecules of Gi(MDrahydrate

with two bidentate 2,2’-bipyridine moieties covalently attached to the fullerene cage (Figure

15,53).{150
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7 "\

59 N\-/N = 2,2'-bipyridine

Figure 15. Examples of ggbipy-Ru dyads in which the fullerene cage and the metal are in

close proximity 48) 139|| and separated by a rigid spacé®)(141

| a Go-bipy-Pt-(PTZ),

complex where PTZ = phenothiazirs®),[151]] a dumbbell shapes&bipyM-Cs triad where
M=Re(COXCl and M=Ru(bipy)[PFs]. (51), 14f|| a dinuclear gg-(Ru), complex 62),|144

and a Go-(bipy).Cd complex §3).

150

I

Reprinted with permission from ref 139, Copyright

2008 American Chemical Society; ref 141, Copyright 2006 Royal Society of Chemistry; ref
151, Copyright 2014 American Chemical Society; ref 145, Copyright 2013 Elsevier; ref 144,
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Copyright 2001 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; ref 150, Copyright
2011 Royal Society of Chemistry.

In general the properties og&bipyridine-metal complexes are simply a superposition of the
properties of the individual moieties with little evidence of any electronic interactions in the
ground state. As expected such complexes are good chromophores, able to absorb light in the
whole range of th&JV/vis spectrum through either the fullerene cage or the metal bipyridine
moiety. The complexes also possess rich electrochemistry, typically showing three quasi
reversible reductions of the fullerene cage, a reduction of the bipyridine moiety anst at lea
one oxidation process localised on the metal centre (eithd/RRE" or RE'/RE™) at

potentials of over +1 V va SCE.

In contrast, the excited state properties of these systems display a strong degree of interaction
between the fullerene cage and the metal moiety. The nature of these interactions has been
studied in depth using luminesoerbased spectroscopies. Individually both fullerene and the
bipyridine metal moieties of thegeERU and Gy-Re dyads are luminescent exhibiting a
fluorescence band for the functionalised fullerene at 720 nna badd associated with metal

to ligand chare transfer (MLCT) between fRe-bipy and Re-bipy in the 600-700 nm range
However when combined within dyad systems the fluorescence of the metal-bipy moiety is
efficiently quenched by the presence of the fullerene cage showing luminescence quantum

yields (®) in the order of 18 for Cs-Ru complexes. £&-Re dyads are observed to exhibit an

even higher degree of quenching (up to 4.4 %) {047 Further investigations of the excited

state properties of dggRu dyads revealed that tiBILCT excited state of such systems is
long-lived and is potentially capable of generating a charge-separated state (via either an
electron, or charge transfer process, Table 3) which cesmpath the formation ofa
fullerene based triplet stata friplet-triplet energy transfer process, Tab)e Bowever, the

majority of reported systems do not exhibit any features corresponding to the formation of a
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charge separated state, instead only the formation of long-lived fullerene-based triplet excited
states with lifetimes of up to 4Qs are observed. Similar observations were reported for
systems in which the fullerene and metal bipyridine moieties are either in close proximity or
linked by a flexible group. In contrast, systems in which the fullerene and metal chromophore
are connected with loegand more rigid linkers revealed competition between two possible

decay pathways and report indirect evidence of the formatiamaafical-ion pair, a result of

charge transfer, as well as formation of fullerene triplet sfate$.[145Ck4®u dyads were

also observed to form charge separated states with relatively long lifetimes in the order of

hundreds of ng [136] which was confirmed experimentally through the observation of a

transient absorption band at 1040 nm correspondingdo@o-Pt dyads exhibit evidence of

formation of charge-separated radical-ion pair with the lifetimes in the ns range for the dyad

containing phenothiazine donor[151] and in the ps range for the dyad containg carbazole

donor groupg[152] which both also decay to the ground state via the formation of fullerene

triplets.

Though the majority of grRu and Gy-Ru systems do not form charge separated states
which is required for light harvesting device applications, they still possess excellent
photophysical properties which have resulted in the preparation of a number of novel

organic-inorganic hybrid materials. Thuge®u dyads incorporated withaZr phosphonate

matrix exhibits luminescent properties in the solid state|[Z&k&litionally, a few examples

of amphiphilic G¢-Ru derivatives have been synthesised (Figure 586and 55) and
successfully incorporated into Langmuir films and are of potential interest for technological

applications as preparation of photovoltaic devices requires the efficient incorporation of the

photoactive compound into thin film$42,148]
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Figure 16. Examples of amphiphilig&bipy-Ru complexes, 55).

OHO
7N
=N /I\\I Y/
A N—RulN
/N )T
N N=
7Y ) 2PFg

142

,148

| Reprinted

with permission from ref 142, Copyright 2005 Elsevier; ref 148, Copyright 2007 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

The attachment of 1,10-phenanthroline binding moieties to the fullerene cage enables the

coordination of Cliions to form a variety of polyads with various fullerene:metal ratios

including one fullerene cage and one copper centre (Figurgs), awo fullerene cages and

one copper centre (Figure 157) or two fullerene cages and two copper centres (Figure 17,

58). All of these complexes are prepared via substitution of acetonitrile ligands in

by phenanthroline derivatised fullerene

ligands.

153

-155] These

supramolecular systems possess interesting photochemical properties showing effective
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luminescence quenching of the MLCT band of the phenanthroline Cu centres by the fullerene
moiety. Photoexcitation of theggCu system generates an excited state which decays via
competitive charge transfer and electron transfer processes forrgirGue radical ion

pairs and longr lived fullerene triplets.

Cuy(1); (R=CypHys Z = CgHy7)

Figure 17. Examples ofggPhen)-Cu complexes containg containing one fullerene cage and
one Cu centresp), 155[] two fullerene cages and or@ﬂ@] or two Cu centres8).|154
Reprinted with permission from ref 155, Copyright 2008 American Chemical Society; ref
153, Copyright 2003 Amrican Chemical Society; ref 154, Copyright 2004 Royal Society of

Chemistry.

Other N-donor bidentate ligands have also been utilised includirdipyrromethane
functionalised & fullerene which was reported to fomdumbbell shaped complex with Zn
in a 2:1 fullerene-metal ratio (Figure 189). This complex not only exhibited excellent

electrochemical, light absorbing and luminescent properties but was also found ta form

charge separated state with a lifetime of 990-1516 ps depending on the polvent.[156]

N,N’-dimethylethylenediamine has also been attached to a fullerene cage enabling the

coordination of Cliions generating a magnetically active Cu complex with exhibits a strong
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EPR signal (Figure 1860).|160] The diazafluorene metal binding moiety has also been

appended to the fullerene cage allowing the coordination of bgth RuEigare 18,61) or

Ir|158] (Figure 18,62) centres both in octahedral geometries. These compounds were found

to exhibit interesting second order NLO properties and hence are potential candidates for
optoelectronic devices. Finally, an example @f-@yridazine ligand has also been reported
which form a dinuclear complex with Re (Figure 68) exhibiting a photoinduced electron

transfer with the time constant of 105 ps which then decays to the ground state via formation

of a fullerene triplet.[15P
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Figure 18 A dumbbell complex of a dipyrromethane functionaliseda®d Zn 69 ), a

Cu complex of a N,N’-dimethylethylenediamine functionalise@oC(60|16—O|]), andRu’ Cgo-
diazafluorene§1)[157] and It Csp-diazafluorene@?2) complexed,[158] and ¢gpyridazine-

Re, complex|[159] Reprinted with permission from ref 156, Copyright 2009 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim; ref 160, Copyright 2004 Elsevier; 157, Copyright
2010 Royal Society of Chemistry; and ref 158, Copyright 2012 Elseeiel59, Copyright
2015 Royal Society of Chemistry.

Examples of tridentate terpyridine ligands covalently attached to the fullerene cage are less

abundant than bipyridine examples however have been reported, first by Diederich and

Constable in 1996 and 1998,[162,163] followed by a significant humber of other reports

These ligands form analogous ruthenium complexes when prepared ffbsaRivia in situ

reduction of the metal centre in the presence of tAgiorm RU' complexes (Figure 19

64).|164,16%] These Ru containing compounds were found to possess photochemical

properties similar to those of the bipyridine coordinated compounds and form photoexcited

states with the potential for charge separa[ion [164] In addition, Ru open gafydieCoid

dyads (Figure 196) possesssexcellent optical limiting propertids.[1p6] 'Fand C4 triads

containing two Gg-tepryridine ligands coordinated around one metal centre (Figurés19,

have also been reported and though they exhibit limited solubility in common organic
solvents this did not preclude the investigation of their photochemical properties. The
Feterpyridine complex was found to be non-luminescent which was attributed to a very short

excited state lifetime which also precluded formation of any charge-separated states upon

photoexcitation.[16{L]
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Figure 19. Examples d Cgo-terpyridine-Ru dyad@4]164]), (Ceo-terpyridine}Fe triad 65
where M=Fg¢[16])} and an open cages&terpyridine ligand §6).[165,166] Reprinted with

permission from ref 164, Copyright 2002 Elsevier; ref 161, Copyright 2002 Elsevier; and ref
166, Copyright 2003 Springer.

3.1.1.3. Tetradentate N-donor ligands.

Tetradentate metal binding moieties such as porphyrin and phthalocyanine have also been
covalently attached to the fullerene cage via multi-step synthetic methodologies. Preparation
of these systems is usually non-facile as it requires the synthesis of asymmetric

porphyrin/phthalocyanine precursors, however, a number of such molecules have been
reported, predominantly containing a coordéngZn" centre as the resultant systems are very

stable and possess interesting properties., Cal', Mg@" , Ni", Pd' and Pt porphyrin-

fullerene complexes have also been repolrted [16[,169,206] In general these complexes are

square planar and capable of coordinating solvent molecules to the axial position providing a
routeto tune the properties of the metal complex. Other metal centres incorporated within
Cso-porphyrin/phthalocyanine complexes include: square pyranfi¢d] Mn" and Al"

complexes in which the additional ligand in the axial position of the metal complex can be

utilised to stabilise the systerhs,[J169,p04]205] a square bipyraSitlatomplex is which

two axial ligand are coordinated to the metal at¢m,[R07}289i" phthalocyanine system
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containing two additional ligands on the same side of the plang,[210] and Lanthanide metals

such as Sm, Eu and Lu which form double-decker sandwich type complexes.[217] All of

these are summarised in Table 4.

Table 4. Porphyrin and phthalocyanine derivatised fullerene containing metal complexes.

Fullerene| Metal | Ligand on the | Cgo:M | Lifetime of charge{ Chromophore | Ref.
cage fullerene ratio | separated
state/other
properties
Ceo Mg" Porphyrin 1:2 - - 167
Cso Mn" | Porphyrin 1:1 - - 168
Cso Mn" | Porphyrin 1:1 35-118 ps - 169
Fd" 20-25 ps
co' 762-1713 ps
Ni" 105-205 ps
cu' 520-588 ps
Zn' 409-678 ps
Ceo Cd', | Porphyrin 1:1 860 ps in THF, 56( - 170
zn" ns in benzonitrile
N@Cso Ccu' Porphyrin 1:1 - - 171
Ceo Zn' Porphyrin 1:1 - - 172
2:2
2:3
2:4
Ceo Zn' Porphyrin 2:2 Fullerene to - 173
porphyrin ET vs
porphyrin to
fullerene CT
Ceo Zn' Porphyrin 1:1 Fullerene to - 174,
2:1 porphyrin ET 175
2:2
2:3
2:4
Cso zn" Porphyrin 1:1 Formation of highly| - 176
stable micro-vesicles
Ceo zZn' Porphyrin 1:1 90 ps - 177
Cso Zn" Porphyrin 1:1 60 ps - 178
Cso Zn" Porphyrin 1:1 35-130 ps - 179
Ceo, Cro | Zn" Porphyrin 2:1 100 ns - 180
Ceo zn" Porphyrin 1:1 445-1990 ns - 181
Ceo zn" Porphyrin 1:1 418-844 ns - 182
Cso zn" Porphyrin 1:1 555-714 ns - 183
Cso zn" Porphyrin 1:1 - - 184
Ceo zn" Porphyrin 1:1 1us; 286 ns - 185
1:2
Cso zn" Porphyrin 1:1 2 us Triphenyl amine| 186
Ceo zn' Porphyrin 1:1 8.5us; 1us Ferrocene; 187
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triphenylamine

Cso zn" Porphyrin 1:1 7.5us Ferrocene 188
Cso zZn" Porphyrin 1:1 0.38s Ferrocene, K| 189
Porphyrin
Cso zn" Porphyrin 1:1 - - 190
Cso Zn" Porphyrin 1:1 - - 191
Ceo zZn' Porphyrin 1:1 260 ps, 630 ps| Ferrocene 192
(triplet CS states)
Ceo zZn' Porphyrin 2:1 Not investigated - 193
Ceo zZn' Porphyrin 1:6 0.2-0.65 ns; Porphyrin 194
temperature
dependant
Cso zZn" Porphyrin 1:1 Self-assemble  int( - 195
NT;
photoconductivity
Cso Zn' Porphyrin 1:1 145-435 ns - 196
Ceo Zn' Porphyrin 1:1 - - 197
Ceo zZn" Porphyrin 1:1 0.64 ns, 7.1 ns, 7.| Ferrocene 198
1:2 ns; small distance
1:4 dependance
Ceo zZn": Porphyrin 1:4 SAM on ITO based BODIPY 199
Oss photochemical cel
cluster with 29 % efficiency
Ceo zZn": Porphyrin 1:4 SAM on ITO based Ferrocene 200
Oss photochemical cell
cluster
La,@Cso; | Zn" Porphyrin 1:1 170-230 ps; 62-10f - 201
SeN@G ps;
0 42-49 ps
SeN@G; | zn" Porphyrin 1:1 1-3.2pus - 202
0
Ce@Cy | Zn" Porphyrin 1:1 55-115 ps - 203
Ceo Al" Porphyrin 1:1 39-100 ns Phenothiazine | 204
Cso Al" Porphyrin 1:1 17 ns Ferrocene 205
Cso Pd', Porphyrin 1:1 Energy transfel - 206
Pt processes
Ceo s’ Porphyrin 2:1 - - 207
Ceo s’ Porphyrin 1:1 Formation of - 208
nanowires
Cso zn", Porphyrin, 1:2 168-3000 ps; H, Porphyrin 209
Ni" Phthalocyanine | 2:3 1-2 ns; 0.5-1.6 ns
Ceo Ti" Phthalocyanine | 1:1 1.74ps - 210
Ceo cu' Phthalocyanine | 1:1 - - 211
Ceo zZn" Phthalocyanine | 1:1 - - 212
Ceo zn" Phthalocyanine | 1:1 - - 213
Ceo zn" Phthalocyanine | 1:1 220-5530 ps - 214
Ceo zZn" Phthalocyanine | 1:1 - - 215
Ceo zZn" Phthalocyanine | 1:1 30 ns - 216
Ceo zn" Phthalocyanine | 1:1 - - [121]
Ceo Srri””, Phthalocyanine | 1:1 >3 ns - 217
-
Cso Fe', Tribenzotetraazd 1:1 - - 218
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| | Cd' | chlorin | | | | |

The properties of fullerene-porphyrin/phthalocyanine systems combine the individual
features of the fullerene and metal containing moieties which results in systems capable of
absorbing light across the whole UV, visible and NIR spectrum. The electron accepting
properties of the fullerene cage and electron donating properties of the metal containing
moiety combine to create systems capable of reversibly accepting and donating electrons
readily. The fluorescence of the metal porphyrin moiety is quenched by the fullerene cage
indicating electronic interactions between the two units in the excited state. Above all, these
systems possess unique photophysical properties forming charge separated species upon

photoexcitation with variable lifetimes, see Table 4.

The lifetimes of the charge separated states depend primarily on the distance between the
metal porphyrin moiety and the fullerene cage. In systems where the two units are separated

by short linkers charge separated states are either not observed as in the case of

azulenocyanine-Zn (Figure 20, compou@@|121] or are relatively short lived with the

reported lifetimes in the 60-90 picosecond range (Figure 20, com@yre8).|[177;178§]

This is attributed to energy wasting charge recombination processes that can easily occur in

these systems. The same trend is observedoZtPhthalocyanine) systems[412,2%khd

is also observed for the systems in which the metalloporphyrin unit is attached via bis-
functionalisation of the fullerene cage (Figure 21). In this case despite relatively lang cha
linkers the metalloporphyrin unit is still located a short distance, several A, from the fullerene

cage which is determined by the sterical restrictions imposed by the method of

functionalisation.[16P,1740,179] Thus, such ZnPorphyrin congdeshows formation of

charge-separated species with the lifetime of 35-130 ps (Figure/@Q3179] Similar

observations have been reported for other metals, incl@lihgFée", Cd', Mn", andNi",
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showing the shortest lifetimes f&€" (20-25 ps) and Mh porphyrins (35-118 ps) and the

longest lifetimes for Zh (409-768 ps) and Coporphyrins (762-1713 ps) (Figure 21,

71).[169 On the contrary, Pdand Pt porphyrin-Go dyads exhibited no evidence of charge-

separated state formation but triplet energy transfer processeg or]lytjf96stingly, these

lifetimes are solvent dependant, for example @weCso-porphyrin complex has a charge
separated state lifetime of 890 ps in tetrahydrofuran but 560 ns in benzonitrile (Figure 21,

72). This is attributed to axial coordination of the solvent molecule which affects the stability

of the oxidised state of the metal centre.[[L70

67 68 69

Figure 20. Zn porphyrin complexes covalently linked in close proximity to théulerene

cage 67), where M=Zn|[17}] &8), where M=Zn|[178] and 60).|121]] Reprinted with
permission from ref 47, Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim; ref 178, Copyright 2003 American Chemical Society; and ref 121, Copyright

2012 Royal Society of Chemistry.
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Figure 21. Metalloporphyrins covalently linked in close proximity to thef@lerene cage

by bis(cyclopropane) functionalisatiorVOQ,FQI] (71), where M=Cu, Fe, Co, Mn and
Ni,[169] and 72), where M=Zn anc(:o.ﬂ]. Reprinted with permission from ref 179
Copyright 2011 American Chemical Society; ref 169, Copyright 2012 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim; ref 170, Copyright 2004 American Chemical Society.

Systems which contain oligoporphyrins, either triply fused (Figure 722, or linked

sequentially in meso,meso-positions (Figure 24, attached in close proximity to thes{C

have also been report¢d.[172-17Bhese systems have exceptional multicharge storage

capacity due to the large number of electrons that can be reversibly exchanged, and show
weak ground-state prophyrin-porhyrin and porphyrin-fullerene interactions. Excited state
properties differ between the triply fused porphyrin dimef3) (and meso,meso-linked
diporphyrins {4). Despite being a better electron donor, triply fused porphyrin dimers are
also very good energy acceptors with low-lying short-lived siglet excited states, and favour

Cso to porphyrin energy transfer processes7B8) whereas74 exhibits more traditional

porphyrin to fullerene charge transfer procegses}[17B,175
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Figure 22. Triply fused porphyrin dimer3) 173|ﬂ and meso,meso-linked oligoporphyrins

(74) 175|| containing fullerene dumbbells. Reprinted with permission from ref 173, Copyright
2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; ref 174, Copyright 2005
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

A variety of attempts to improve the stability of charge-separated radical ion pairs have been

reported in which the length and the nature of the spacer between the fullerene cage and the

metal containing moiety were varied. Systematic variation of the linker length resulted in an

increase in the lifetimes of the charge-separated states up to the hundreds of nanoseconds

range

[18 2,18|5,2( 9,2

14,2

[16nd an increase in the radical ion pairs lifetimes from 555 to

714 ns

[188] and from 445 ns to 1190 ns]

181] (Figurer3376). The nature of the bridging

group was also shown to play an important role. Thus, utilisation of rigid conjugated wires

such as carbon-bridged oligo-p-phenylenevenylenes (Figure73showed an 840-fold

increase in the electron transfer rates compared with equivalent flexible molecular

bridges|[184

1] A lifetime of 100 ns was reported for systems containing ketan@ Go
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fullerene cages as a result of a negative charge shift fromgghe the Go cage, this resulted

in a longer distance between the charges in thg-Cso-Zn(Porphyrin)” radical-ion pair

(Figure 23,78). 18ﬂ|

Figure 23. Z(Porphyrin) complexes covalently attached to the fullerene cage via variable

length linkers 75,76),|183,18] a dyad containing a carbon-bridged oligo-p-
phenylenevenylene wire bridge’7)|184] and a Zn(Porphyrin)4eCso triad (78).[180]
Reprinted with permission from ref 183, Copyright 2005 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim; and ref 181, Copyright 2010 American Chemical Sqcrefy 184,
Copyright 2014 Nature Publishing Groupef 180, Copyright 2011 Royal Society of
Chemistry.

As in the case of monodentateo@yridine ligands coordinated to the axial position of

Zn(Porphyrin) systems mentioned above, the longest CS state lifetimes were olserved
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systems which incorporated additional chromophores or electron donors which allow positive
charge (hole) shifts from thgn(Porphyrin)* to the electron donor resulting in better spatial
separation and the formation of more stable radical ion pairs. Additiorthrek

triphenylamine groups intaZn(Porphyrin)-Gso dyad (Figure 2479) resulted ina lifetime of

2 ps in polar benzonitril¢.[1§6 Triphenylamine moieties act as primary chromophores

generating an energy-transfer from the excited state of triphenylamine to the Zn porphyrin
moiety, which is followed by electron transfer from the Zn porphyrin to the fullerene cage.
Significant stabilisation of the charge-separated state is attributed to the stabilisation of the

Zn(Porphyrin) radical-cation due to charge delocalisation over the three triphenylamine

groups|[18% Combining Zn(Porphyrin) which contaiaBODIPY unit or ferrocene unit with

Cso Via an Os cluster created a unique, fully conjugated donor-acceptor moiety which

undergoes ultrafast light-induced processes (Figure8a@p|199,200] Furthermore, these

molecules can form SAMs on ITO surfaces which have been used to build a photochemical

cell with 29 % efficiency which is the highest ever reported for SAM based degvicgs.[199]

The addition of a ferrocene moiety covalently attached to th@afphyrin) enableda
positive charge shift to be achieved from ErgPorphyrin)* to the ferrocene moiety with the

formation ofa long distance separatedyGZn(Porphyrin)-Ferroceneradical ion pair with

the lifetime of 7.5-8.5us[187,188 (Figure 24, compoun8l) and up to 63Qus due to the

formation ofatriplet charge-separated state.[[L92] Interesting, separating the ferrocene donor

and G acceptor by one, two or four @orphyrin) units (Figure 2482) did not result ina

significant increase in the CS state lifetimes.|18®wever separation of the Ferrocene-

Zn(Porphyrin) moiety and €3 by incorporating an additional ;tPorphyrin) unit ino the
system (Figure 24, structuBS8) resulted in a significant increase in lifetime up to 0.38 s

which is one of the longest observed for arthificial synthetic systems and is comparable to the

bacterial photosynthetic reaction
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Figure 24. Ferrocengn(Porphyrin)-Go triads {9), where M=zZn|[18

where M=Zn

[18]

B] 82),

198

| and 83).

p (80),

189

199

| 81),

| Reprinted with permission from ref 186,

Copyright 2007 American Chemical Society; ref 199, Copyright 2010 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim; ref 188, Copyright 2001 American Chemical Society; ref
198, Copyright 2007 American Chemical Society; and ref 189, Copyright 2001 American

Chemical Society.
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Cso can be incorporated into Al(Porphyrin) complexes aibenzoate spacer in the axial

position ofan Al"

centre (Figure 2584). In similarly fashion to Zn(Porphyrin}g dyads,
spectroscopic studies of Al(PorphyrirlComplexes suggest that the ground state electronic
structures of both fullerene and Al(Porphyrin) units are not perturbed, whereas efficient
electron transfer exists upon photoexcitation with the formation okléPorphyrin)’-Cgo”
radiacal-ion pair with a lifetime of 39 ns. Interestingly, incorporating ferrocene, which is a
stronger electron donor, into this system (Figure88bresulted in a decrease in the CS state

lifetime to 17 ns which was attributed to more efficient charge recombination process via a

low-lying triplet state of ferrocene, as discussed earlier in sect‘on P.[205] Incorpaaating

phenothiazine (PTZ) axially coordinated to the Al centre as a second electron donor (Figure
25, 86) resulted in a hole shift from the porphyrin radical-cation initially formed upon

photoexcitation, and the formation of a PFZI(Porphyrin)-Gg~ radical ion pair witha

lifetime of up to 100 n$.[2Q4
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Figure 25. Go-Al(Porphyrin) complexes8d), 205|] (85),[205] and 86).[204] Reprinted with

permission from ref 205, Copyright 2010 American Chemical Society; ref 204, Copyright

2011 American Chemical Society.

Endohedral fullerene cages have also been functionalised with metal porphyrin maAieties.
N@ GCso-Cu(Porphyrin) dyad (Figure 287) showed strong electronic coupling between the

N atom and the Cu centre which was proposed to have significant application in quantum

computing}[171] Cg@Cg (Figure 26,88), Laa@Cgo and SeN@GCgo (Figure 26,89) all

exhibit photophysical properties similar to those @f €ontaining molecules with charge

separated state lifetime dependent on the linker length between the fullerene and metal

porphyrin units[20]L-203] Interestingly, @®Cgo (Figure 26, 88) showed a solvent

dependence on the nature of the charge separated state, formi@u§gyeZn(Porphyrin))"

in  non-polar solvents and forming a unique p-type fullerene material,

(Ce@Cgo) *-(Zn(Porphyrin), in polar solvents.[203]
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Figure 26. Endohedral fullerene-porphyrin complexes N@@Porphyrin@7), where

M=Cu,[171]; Ce@GCs-M(Porphyrin) 88) where M=Zn([203]; and 89),

SaN@Cge-Zn(Porphyrin)

—

202] Reprinted with permission from ref 171, Copyright 2012

American Chemical Society; ref 203, Copyright 2010 American Chemical Society; ref 202

Copyright 2011 Royal Society of Chemistry.

Fullerene containg tetradentate N-donor ligand complexes have been shown to exhibit a
range of other useful properties. For example s@Z@(Phthalocyanine) dyad containing a

flexible spacer (Figure 2790) displays liquid crystalline properties self-organizing in

columnar stacks within a rectangular arrangement|[215Cs,-Cu(Pthalocyanine) dyad

(Figure 27,91) forms nanoparticles in solution with enhanced optical limiting properties

compared to the solution sample which creates the possibility of using nanoparticles of

organic materials as propmising optical limiting materjals.[211] Catalytic and photocatalytic

properties of fullerene-metalloporphyrin complexes have also been explored. Thgs, a C

Zn(Porphyrin) dyad (Figure 2B2) was incorporated into a multicomponent system effective

for photoinduced H evolution|[190] Furthermore, Co and Fe complexes of a fullerene-

tribenzotetraazachlorin dyad (Figure 293) showed high efficiency in electrocatalytic

oxygen reduction at relatively low onset potentjals.|218]
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Ci2Hzs CyzHzs

Ci2Hzs CyzHys

BUOzS SOzBU

BUOzs

S0,Bu

Figure 27. Examples o& Cgo-Zn(Phthalocyanine)90),

dyads 91),

211]|] and the catalytically activegg&Zn(Porphyrin) complex92),

215] and Gg-Cu(Phthalocyanine)

190] and G-

tribenzotetraazachlorin dyad3), where M=Co or F¢.

23

8] Reprinted with permission from

ref 215, Copyright 2011 Royal Society of Chemistry; ref 211, Copyright 2005 Elsevier; ref

190, Copyright 2011 American Chemical Society; ref 218, Copyright 2009 Elsevier.

3.1.2. Other ligand groups.
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Other metal binding units have been covalently attached to the fullerene cage and are

summarised in Table 5.

Table 5. Non-N-donor metal binding units covalently attached to the fullerene cage.

Fullere- | Metal Metal binding unit Coo:M Properties Ref

ne cage ratio

Cso vVo, c", | Salen (NO,-donor) 1:1 Redox activity: absorptiof 219

Mn" Fd", on nanotubes; catalyst fq
Ccao', Ni", styrene epoxidation

Cu”, Zn”,

Pd'

Ceo cu' Salen (NO,-donor) 1:1 Homogeneous an| 220
heterogeneous catalyst f
styrene epoxidation

Ceo R€, Ir'", 2-oxyphenyl 1:1 Catalytically active 221

pt' isoxazoline
(N,O-donor)
Ceo Mn', Ré 1,2-benzoquinone 1:1 Paramagnetic complex 222
(0,0-donor)

Cso o¢ Diphenylphospino 1:6 - 223

fullerene P n’donor)

Cso W° 0g, Diphenylphospino 1:1, 1:3 | Redox activity 224

RU’ fullerene (Py’donor)

Coo Ré€ Diphenylphospino 1:1,1:2 Redox activity 225

fullerene (Py>-donor)

Coo Fe Azadithiolate 1:2;1:4 [Fe]Hydrogenase active si| 226

(S,S-donor) mimic
Ceo Fe Azadithiolate 1:2 [Fe]Hydrogenase active si| 227
(S,S-donor) mimic

Cso Pt Acetylide 2:1 Photoinduced charge 228
separation with 400 ps
lifetime; organic
photovoltaic device
fabricated

Cso Pt Acetylide 11 Luminescence; 229
photoinduced energy
transfer

The N.O-donor salen group attached tgo®as been reported to form complexes with a
range of first and second row transition metals includiftgdy Cf"', mn", Fd", cd', Ni",
cd', zn" andPd' with either square-planar or square-pyramidal metal centres (Figure 28

94). 21ﬂ| These complexes were found to possess rich, metal dependant electrochemistry.

Furthermore, theCu-salen-Go complex was found to promote double bond epoxidation
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reactions and was incorporated into heterogeneous carbon nanostructure supported catalysts

with excellent activity and recyclability.[220] The 2-oxyphenyl isoxazoline N,O-donor

binding ligand (Figure28, 95) was found to bind heavier second and third row transition

metals such as Relr', Pt' forming metal fullerene compounds that are also potentially

catalytically active.[22]LA quinone type O,0-donor fullerene ligaisdreported to bind Mn

and Re with the formation of paramagnetic compounds (Figu@ﬁ)ZiQZT

AN -
SN
TG weon
egels

96

Figure 28. Metal salen #0, complexes%4), whereM= vo, Cr"', Mn"', Fd", cd', Ni", cu',
Zn", and Pd'; and X=CI)[219],a N,O-donor Pt receptor9t),[221], and a quinone-type

complex 96), where M=Mn and Rie[222] covalently attached to the fullerene cage. Reprinted
with permission from ref 219, Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim; and ref 221, Copyright 2011 American Chemical Society; ref 222, Copyright
2001 Springer.

P-donor diphenyl phosphine was successfully attached to fullerene to form a new class of
compounds with the formulasgH)PPh that can coordinate heavy second and third row
transition metals in what is formaliyn® mode involving the electron pair of the phosphorus

atom and ther-n system of one or more of the C-C bonds of the fullerene cage (Figure 29,

97).|223t225] These complexes have been reported to catalyse a variety of reactions in which

the activity and selectivity of the reaction can be controlled by the steric and electronic
effects of the substituents at the phosphorous atgsHYPPh has also been used to act as

redox-active unit which when attached to a model [FeFe]hydrogenaseatomeimic the

activity of the hydrogenase enzyme (Figt® 98).|226,227] These complexes exhibit
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extensive electron communication in the doubly reduced state between the reduced fullerene

cage and the Geentres. Acetylide was successfully used as a ligand to atfichentre to

the fullerene cage in combination with either a secondary electron accepting terpyridine[229]

or an electron donatintpiophene group.[228] This resulted in the formation of photoactive

systems exhibiting energy transfer and electron transfer aid0D0 ps lifetime upon
photoexcitation. The thiophene containing triad (Figure929was also utilised as an active

material inanorganic photovoltaic (OPV) device with comparatively good efficiency.

Ph, Ph HPh‘ ‘\\\Ph

(CO), /P P _(CO);
_Os” H 0s oc S S{ co
(Co)dos\l —~— I .~ 0s(CO), \F{eéFe}—P
Os= Os ‘% { 4
(CO); (CO), OC TCcOo co Ph
97
PBu
— p—e ) —
— |I p— \S/ —
PBLI3
99

Figure 29. Other metal binding units attached to the fullerene cage including P-donor
(97), 22§| S,S-donor98)|227] and acetylide9Q) 228|| ligands. Reprinted with permission
from ref 223, Copyright 2011 American Chemical Society; ref 227, Copyright 2012

American Chemical Society; and ref 228, Copyright 2007 Royal Society of Chemistry.

3.2. Fullerene-M etal complexes based on non-covalent interactions.

Creating systems in which metal containing moieties and fullerene cages are held together
using non-covalent interactions is an attractive strategy as it provides the opportunity to
create systems which can be influenced by applied stimuli such as pH, solvent polarity,
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temperature etc. Also synthetically non-facile, multi-step routes to form asymmetric metal

centres can be avoided. A variety of approaches have been used to form such systems,

including fullerene and metal centres functionalised with complementary hydrogen bonding

motifs, ammonia and crown ether coordination sites and the targeted preparation of

mechanically interlocked systems such as catenanes and rotaxanes. These approaches and the

resulting fullerene-metal supramolecular assemblies are summarised in Table 6.

Table 6. Non-covalent transition metal-fullerene complexes.

Fullere | Metal | Metal Ceo:M | Type of non- Binding Lifetime of charge-| Ref
ne binding ratio covalent interaction| constant separated state
cage unit (Ko MY
Cso Fé' Ferrocene | 1:1 Quadruple - Inefficient CT:; 230
hydrogen bonding Triplet-triplet energy
transfer k=9.2x10s*
Ceo zn" Porphyrin | 1:1 Quadruple - 4us 231
hydrogen bonding
Cso zn" Porphyrin | 1:2 Three-point 6.2x10 in 200 ns 232
hydrogen bonding | CH;CN/ODCB
Ceo zn" Porphyrin | 1:1 Watson-Crick 5.1x1d in 2.02us 233
hydrogen bonding | CH,ClI,
Ceo zn" Phthalocya | 1:1 Watson-Crick 2.6x10 in 3ns 234
nine hydrogen bonding | toluene/CHCI,
Ceo zn" Porphyrin | 1:1 Hamilton type 4.4x10 in 20 us 235
hydrogen bonding | ODCB
Cso zn', | Porphyrin | 1:1 Hamilton type 2.8x10-7.5x10 | CTin ZnP, ETin 236
s hydrogen bonding | in CH,Cl, SnP
Cso zn" Porphyrin | 1:1 Hamilton type 1.5x10-4.6x1d | Not observed in the | 237
hydrogen bonding | in CH,ClI, longest spacer
Ceo Zn" Porphyrin | 2:1 Hamilton receptor | 2.0x10G in 3ns 238
hydrogen bonding | ODCB
Cso zn" Porphyrin | 1:1 Amidinium- 2.1x10 in CT; 10pus 239
carboxylate toluene;
hydrogen bonding | 3.3x10 in THF
Ceo Zn" Porphyrin | 1:2 Quanidinium- 2.3x10 in 1.3-2.1ns 240
carboxylate ODCM
bonding
Cso Fé' Ferrocene | 1:1; Ammonia-crown | 5x10-1x10%in | 130-240 ns 241
1.2 ether coordination | benzonitrile
Cso Cd', | Porphyrin | 1:1 Ammonia-crown | 3.16x10- - 242
Ni", ether coordination | 7.9x1C in
Cul'l', CH,Cl,
Zn
Cso zn" Porphyrin | 1:1 Ammonia-crown | 1x10 in - 243
ether coordination | benzonitrile
Cso zn" Porphyrin | 1:1 Ammonia-crown | 1.9x1G in 100pus 244
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ether coordination | benzonitrile
Cso zZn" Porphyrin, | 1:1 Ammonia-crown | 4.8x1G in 80 ns; 160-290 ns | 245
Phthalocya ether coordination | benzonitrile
nine
Ceo Zn" Phthalocya | 1:1; Ammonia-crown | 1.4-1.9x10in 1.3-1.5us 246
nine 1:2 ether coordination | CH,Cl,
Cso zZn" Porphyrin | 1:1 Ammonia-crown | n/a 160-180 ns; 400-56Q 247
ether coordination; ns
rotaxane
Ceo zZn" Porphyrin; | 1:2; Two-point bonding | - - 248
3-Pyridyl 2:2 (ammonia-crown
ether coordination
and axial
coordination)
Cso zZn" Porphyrin; | 1:1 Two-point bonding | 1.3x1G-4.5x10 | 50-210 ns 249
3-Pyridyl (ammonia-crown | in benzonitrile
ether coordination
and axial
coordination)
Ceo zZn' Porphyrin; | 1:1 Two-point bonding | 4.4x1d in Not specified 250
3-Pyridyl (ammonia-crown | benzonitrile
ether coordination
and axial
coordination)
Cso zn" Chlorin; 1:1 Two-point bonding | 4.6x1G-4.6x10 | 55-187 ps 251
3-Pyridyl (ammonia-crown | in ODCB
ether coordination
and axial
coordination)
Ceo zZn' Porphyrin; | 2:2 Two-point bonding | 2.5x10 in 4.8ps 252
3-Pyridyl (ammonia-crown | benzonitrile
ether coordination
and axial
coordination)
Cso zn", | Porphyrin; | 2:1 Two-point bonding | 1-6x10°M?in | 46-217 ns 253
Mg" | 3-Pyridyl (ammonia-crown | benzonitrile
ether coordination
and axial
coordination)
Ceo Fe': Ferrocene; | 1:2; Rotaxane; axial n/a - 254
RU' Porphyrin | 1:3 coordination
Cso Fé' Ferrocene | 1:1 Rotaxane n/a 23-143 ns; 255
temperature
dependent
Cso Fé' Ferrocene | 1:1 Rotaxane n/a 10-30 ns 256
Ceo zZn' Porphyrin | 1:2 Rotaxane n/a 180 ns 257
Cso zn" Porphyrin | 1:2 Rotaxane n/a 180-645 ns 258
Cso zZn" Porphyrin | 1:1 Rotaxane n/a 170-500 ns 259
Ceo Th" Terpyridine | 1:1 Rotaxane - - 260
Ceo Cu Phenanthro| 1:1 Rotaxane n/a - 261
line
Ceo Cu; Phenanthro| 1:1:2 Rotaxane; catenan{ 2.0x10 in 500 ns 262
zn" line; CH,Cl,
Porphyrin
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Ceo Cu; Phenanthro| 1:1:2 | Rotaxane; catenan{ n/a 0.24-1.1us 263
Zn" line; 1:1:1
Porphyrin
Ceo Cu: Phenanthro| 1:1:2 | Rotaxane; catenan{ n/a 0.49-1.17us 264
zn" line;
Porphyrin
Cso Cu; Phenanthro| 2:1:1 | Rotaxane n/a 32pus 265
zn" line;
Porphyrin
Ceo Cu: Phenanthro| 1:1:1 | Catenane n/a 1.06us 266
Zn" line;
Porphyrin
Ceo Cu: Phenanthro| 1:1:1 Rotaxane; catenan{ n/a Not specified 267
Zn" line;
Porphyrin
Ceo RU: | 4-Pyridyl; |1:2 Fullerene-cyclodex] - - 268
Rée 2-Pyridyl-1 rin host-guest
-aminomet complexation
hane
Ceo ptY o-Diseleno | 1:1 FullereneB- - - 269
benzene interm | cyclodextrin host-
olecul | guest complexation
ar
polym
er

Supramolecular systems have been assembled in solution by combigirgndC metal

containing precursors derivatised with complementary hydrogen bonding groups. A number

of different bonding motifs have been utilised including three- and four-point hydrogen

bonding betweea Cgp containing precursor and Zn porphyrin or ferrocene moieties (Figure

30, 101) which results in the formation of stable, supramolecular dyads with moderate

association constants of 21M™.[23Q

-232] Complementary Hamilton receptor type binding

motifs (Figure 30100) produce supramolecular assemblies waiglightly higher association

constant of up to ToM™.

stronger interactions with association constants o£100 M™.

235%238] Whilst a Watson-Crick motif (Figure 3002) shows

233

,234] However the

strongest interactions were reported for a quanidinium-carboxylate and amidinium-

carboxylate bonded dyads which have a formation constants in the ordef-1¥ 10

(Figure 30, 103).]240,239 All of these systems exhibit properties consistent with the

individual Gso and metal containing fragments without any evidence of electronic interactions
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between the fullerene and transition metal in the ground state, however, strong through-space
electronic communication is observed in the excited sEtgorphyrin containing dyads

efficiently form charge separated species upon photoexcitation with lifetimes ranging from

several nanosecon’ds[z 32,234,238] up tauafP31}233 ,235,23‘9] In contrast the analogous

Snporphyrin containing dyad does not exhibit features indicative of radical ion pair

formation due to the higher oxidation potentials of the Sn-porphyrin compared to the Zn

analogud.[236] Interestingly, no signs of charge separation were observed for ferrocene

containing dyas, instead efficient triplet-triplet energy transfer from the triplet excited state

of fullerene to the triplet excitextate of ferrocene was obserjed.[230]
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OSiMe,'Bu

‘BuMe,SiO  OSiMe,'Bu

HO-----H-N
®)
O----H-N

103

Figure 30. Gg-metal supramolecular assemblies constructed via Hamilton receptor type
hydrogen bonding 100),|236 quadruple hydrogen bondingldl),@] Watson-Crick
hydrogen bonding 102)[234] and amidinium-carboxylate ydrogen bonding (M=Zn)
(103). @] Reprinted with permission from ref 230, Copyright 2013 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim; ref 236, Copyright 2007 American Chemical Society; ref
234, Copyright 2007 Royal Society of Chemistry; and ref 239, Copyright 2006 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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The coordination of ammonia cations by appropriately sized crown ethers has been used to

obtained stable supramolecular systems with association constantsi6f M™*.[241[247]

A variety of rigid and flexible linkers have been utilised within these systems to control the
distance between the metal centre and the fullerene moiety (Figut843.1in general they

possess excellent photophysical properties and are capable of generating relatively long-lived

charge-separated states with lifetimes ranging from hundreds of nanog ecalnds 241,245,247] to

several microseconds,[246] up to hundreds of microse¢onds[P4d addition of an axibl

coordinaed pyridyl ligand was successfully used to bind the metal in closer proximity to the

fullerene cage (Figure 31105, 106). The systems formed ugjrthis two-point binding

arrangement displayed slightly higher association constants of the ordér\df {R48F253]

It was possible to generate charge-separated species upon photoexcitation however the

average lifetimes were slightly lower than the non-pyridyl systems in the hundreds of

nanoseconds range.[449,253]
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Figure 31. Ggmetal supramolecular assemblies formed via ammonia-crown ether

coordination {04)|244] and bywo-point binding of both ammonia-crown ether coordination

and pyridine-metal axial coordinatioh0g5) @l} and (06). ﬁ]) Reprinted with permission
from ref 244, Copyright 2011 Royal Society of Chemistry; ref 249, Copyright 2005 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim; and ref 253, Copyright 2006 American
Chemical Society.

Mechanically interlocked rotaxane type supramolecular assemblies can be prepared by the in

situ generation of a macrocyclic ring attached to the fullerene cage around dimaited

moiety containing thread (Figure 3207, 108) |255%258] or vice versa (Figure 32,

109).|1247,254,259] All of these sy&=ts are potential candidates for artificial photosynthesis
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devices as they can generate relatively long-lived charge separated species with lifietimes

the hundreds of nanoseconds range via a through space electron transfer mechanism.

Figure 32. Rotaxanes of fullerenes and transition metal complég&}|255256] (08),
257|] and 0.09).@] Reprinted with permission from ref 255, Copyright 2006 American
Chemical Society; ref 257, Copyright 2003 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim; ref 259, Copyright 2010 American Chemical Society.

The most fascinating example incorporates a rotaxane system interlocked via phenanthroline
metal binding sites which are able to coordinatéigns, one of the first examples of which

was reported in 199@31} which holds a molecular thread containing two Zn porphyrin end

groups (Figure 33110).|262-265] Furthermore, this system can be converted into the
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analogous catenane by locking the two ends of the thread either by covalent interactions

(Figure 33, 111)|263,264,26]F or non-covalent two-point axial coordination of either

4,4’-bipyridine or 1,4-diazabicyclo[2.2.2.]octane (DABC)the twoZn(Porphyrin) groups

(Figure 33,112).]262,263] Formation of theuramolecular DABCO coordinated catenane

occurs with a relatively high formation constant (2.0xM) indicating that it is a hidl

stable systenp.[262] Transient absorption studies reveal that multistep electron transfer

processes occur in both rotaxane and catenane systems resulting in the formation of
long-lived charge-separated radical-ion pairs, the lifetime of which varies fromu8.f4

the rotaxane,1(10), to 1.03us in the non-covalent DABCO-coordinated catendt#?), and

1.1 us in the covalently locked catenan&lX). This reveals that creation of a catenane from

a rotaxane topology inhibits the charge recombination proces<C(Fphenanthroline centre
playsa crucial role in the charge transfer procassemoval of the Cu ion (Figure 3313)

not only results in significant structural and topological changes but also in the formation of

triplet excited states on the fullerene and Zn-porphyrin moieties instead of the formation of

radical-ion pain.[263]

Figure 33. Go-Cu(Phenanthrolinefn(Porphyrin) supramolecular assemblies (where Ar =
3,5-di-tert-butylphenyl) capable of forming; a rotaxane type systd),(a mechanically

interlocked catenane systeiil{), a DABCO-coordinated catenan&l@), or, upon removal
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of the Cliions, a demetallated rotaxan£1@). 26§| Reprinted with permission from ref 263

Copyright 2012 American Chemical Society.

In addition, fullerenes are known to form inclusion complexes 4ttyclodextrins which
can be utilised to create supramolecular fullerene-metal assemblies. The complexagipon of C
fullerene with metal binding moiety functionalised cyclodextrins produced 1:2 fullerene-Ru

and Re assemblies (Figure 3#14)|268] and Go-Pt coordination polymers (Figure 34

115)|269] which were found to be soluble in solvents typically considered incapable of

solubilising fullerene molecules such as EtOH, DMF and water. These systems also exhibit
evidence of electronic interactions between the fullerene cage and the metal containing

moiety in the excited state which results in significant quenching of the emission of the metal

containing lunmophore by the fullerene cafe.[z 68]

115
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Figure 34. Supramolecular systems formed by the host-guest complexgiimyadbdextrin

metal binding moieties and ¢& fullerene (14),[268 and (15). @I} Reprinted with
permission from ref 268, Copyright 2006 Royal Society of Chemistry; and ref 269, Copyright
2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

4. Complexes based on non-directional intermolecular interactions.

An alternative to using fullerene as a ligand, either directly or with a chemically attached
binding moiety, is to use pristine neutral fullerenes or negatively charged fulleridecamd

them to bind with various metals or metal-containing molecules in solution or in the solid
state. In these complexes the fullerene cage and metal-containing moieties are held together
by non-covalent intermolecular interactions such as electrostatic forces, van der Waals forces

Or 7-1 interactions.

4.1 lonicfulleride salts.

Being excellent electron acceptors, pristine fullerenes can be easily reduced chemnically
electrochemically in the presence of metals to give fulleride ionic compounds with the charge
on the fullerene varying from -1 to -6 thus resulting in a number of different fullerene-metal
stoichiometries. The most common are fullerides prepared from alkali or alkali earth metals
such as Li,270] Na,[271]K,[272] Cs,[273]Rb,[274] Mg,[275], and Ba,[276], the lanthanide
group metals Sm,[277] Eu,[278] aMb,[279] and mixed metal compounds which have all
been studied and reviewed extensively in recent years. Alkali metal doped fullerides display a
range of useful properties such as superconductivity,[280,281] ferromagnetism and
magnetoresistance, as well as the potential for application in hydrogen storage.[282]
Examples of transition metal doped fullerides are less abundant, and are summarised in Table

7.

Table 7. Transition metal doped fulleride compounds.
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Fullerene | Metal Formula Properties Ref

cage

Coo Ti TizsCeo - 283

Coo vV (n°-simMe;zH5Cq),V "Cog” Temperature dependence of h{ 284
capacity

Ceo cr (nG—PhCH(CI-J;)z)ZCr'+C60" Dimerisation on cooling 285

Cso cr (n°-ethylbenzeneLr Cyy” Dimerisation on cooling| 286
temperature dependence of h
capacity

Ceo Cr (n®-ethoxybenzenelrCs,~ | Dimerisation on cooling| 287
temperature dependence of h
capacity

Ceo cr (n°®-(0-xylene)yMo*Cgo™ Temperature dependence of h{ 288
capacity

Ceo cr (Phy),Cr'[1,4- Paramagnesim 289

(CMe&,CN),Ceq] -

Ceo cr (n°-Phy),Cr*Ceo” Temperature dependence of h{ 290
capacity

Ceo Crl (ne-CeMee)zcr'+C50'- Paramagneﬂ;'m 291

Ceo cr Cr(CoH1p)," Ceo” Dimerisation on cooling 292

Cso cr Cr(CHg)," Cgo” Dimerisation on cooling 293,

294

Cso Cr, Mo (n°-Phy),Cr*Ceo” Dimerisation on cooling; thermg 295

(ne-Clole)z Cr+C60'- Stablllty
(n*-PhCH), Mo™*Ceg”
Ceo Mn", Fe', | (M*)(DMF)(Cgo)2 Antiferromagnetic interactiong 296
cd', Ni", formation of diamagnetic dimers
Edu', Cd'
Cso Fée', Fe", K,MCeo Superconductivity with 297
Ca', Ni", T=13.9-16.5K
Cu, cd,
Ad'

Cso Mo (n°-(m-xylene)yMo*Cgo” Dimerisation on cooling| 298
temperature dependence of h
capacity

Cso Pd, Pt LisPt.11Cso Enhanced hydrogen stora( 299

LigPch.0Ceo capacity

Coo Pt PtGso Hydrogen storage 1.6 wt % at hi¢ 300
working temperatures

Ceo Pt PtCso - 301

Ceo Au AuCego - 302

Among the transition metals fulleride compounds most common are smaller first row

transition metals derivatives, with various examples of Cr compo

und

Ti,[|283] V,

284 Mn

[294] Ni[298,297Fe[296

e

second row transition metals such as

Pt1299-30]

L2971

] and Cuy.[29

Mo,

5 [21&5-295] as well as

7] A few examples of larger

295,298]| Pd

,[2@%[297

] and Al

I[30

| and Cd[29

~

]

P] of the third row have also been reported. These compounds are

usually prepared by in situ reduction of the fullerene cage with the corresponding metal
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precursor, and are mainly one electron reductions which vyield 1:1 fullerene-metal
stoichiometries. The resulting matés are usually microcrystalline powders, and X-Ray
characterisation is not straightforward. These compounds are paramagtetib transition

metal and reduced fullerene cage components contain unpaired electrons, and have been
studied by EPR spectroscopy at various temperatures to show different temperature
dependant phase transformations. The majority of compounds contaiginmgo@oanions
undergo reversible fullerene dimerization with the formation of diamagnetic fullerene dimers
upon cooling to low temperatures. These transformations are endothermic and are

characterised by calorimetric studies of temperature-dependant heat capacity to determine the

thermodynamic constants of these procegses .[28’4-295]

Inclusion of transition metals into alkali metal compounds with the formation of mixed metal
fullerides tas also been reported. Thus,"Fé&€", Cd', Ni'', CU, CU' andAg' have been

adced into the potassium fulleride containing fullerene trianion with the formation of

compounds with the general stoichiometric formulKso.[297] These compounds display

properties typical of alkali metal fullerides exhibiting ferromagnetism and superconductivity

with critical temperatures varying from 13.9 to 16.5 K.

Intercalation of transition metals such as Pd and Pt into fulleride compounds was found to
improve the hydrogen storage capacity of these compounds. Chemical absorption of
hydrogen on the fullerene cage is based on breaking of the H-H bond of dihydrogen which
requires high energy and therefomerelatively high working temperature. However the
energy of H-H bond dissociation is significantly lowered in the presence of transition metals
such as Pd and Pt. ThusPtCsy compound was able to absorb 1.6 wt % of hydrogen,

however relatively high work temperatures were still requjred|[300] Inclusion of small non-

stoichiometric quantities of Pt or Pd intogCio fulleride resulted inan increase in the

hydrogen absorption capacity absorbing a total of 5.9 wt % of hyd1ogen.[299]
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4.2 Solution associates and cocrystallates of fullereneswith transition metal complexes.

Due to their higly electron-deficientt-surface and spheroidal shape pristine fullerenes can
associate in solution or cocrystallise with various transition metal compounds such as
porphyrins and phthalocyanines, metallocenes, dialkyldithiocarbamates or phosphates or
porous coordination capsules binding via non-covalent van der Waatsrtostacking

interactions.

4.2.1. Fullerenesin porous coor dination capsules.

Fullerenes can be efficiently encapsulated into porous coordination capsules exhibiting
selective host-guest interactions between the fullerene molecule tightly surrounded by a metal

containing coordination cage host. Examples of these structures are summarised in Table 8.

Table 8. Fullerene binding coordination capsules.

Fullerene | Metal Ligand forming the Properties Ref
cage coordination capsule
Ceo Fé' Bis(2,2’-bipyridine) - 303
perylene bisimide
Ceo, Cro | F€' 2-formylpyridine, bis(4- | Alteration of cage diastereom({ 304
aminopheny) pyrene distribution upon fullerene binding
Ceo, Co | F€', CU | 2-formylpyridine, Heterobimetallic cage 305
diamino(Ni(ll)porphyrin)
Cs0, Cro Co, Pd | 2,4,6-tris(4-pyridyl)-1,3,5- | Preferential binding of 306,
triazine 307
Ceo Pd Bispyridyl dianthracene - 308
Cso Pd 3-Pyridylsubphthalocyanin| - 309
Ceo Pd Bispyridine - 310
Ceo Pd 4-Pyridyl calix[3]arene - 311
Cso, Cro | Pd, Pt | 3-Pyridylsubphthalocyanin| Strong host-guest interactions due| 312
CsoPCBM energy transfer from the ho
framework to the fullerene guest
Coo Ag Bispyridyl dianthracene Light-responsive guest catch a| 313
release; preferential binding o
Cs0, Cro Hg Bispyridyl dianthracene Preferential binding of £, strong host{ 314
guest interactions due to ener
transfer from the host framework to t
fullerene guest
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Coordination capsules are constructed of a number of ligands connected with metal ion

hinges to form a cage. To be able to selectively bind fullerenes the ligands in the cige usua

bear large aromatic panels such as anthracene, subphthalocyanine, pyrene, perylene

bisimiine, metalloporphyrin or a number of benzene rings. The ligand size is designed so that

the volume of the cage pore is sufficient to accommoddt#ierene molecule (Figure 35,

116-119).

Figure 35 Cq fullerene encapsulated in a coordination capsule constructed of two anthracene

bearing bispyridine ligands and two 'Aigns, where R =QC,H,OCH; (116),{313

three

perylene bisimide bearing (big)2’-bipyridine ligands and three ¥eions @17),

pyrene-edged Hgls cage 118)

304

CuF€',L, coordination capsule1(9).

ﬁl}

| and a Ni(ll)Porphyrin-edged heterobimetallic
30§|| Reprinted with permission from ref 313,

Copyright 2013 American Chemical Society; ref 303, Copyright 2014 American Chemical
Society ref 304, Copyright 2013 American Chemical Society; ref 305, Copyright 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Depending on the pore volume the cages can recognise and preferentially bind fullerenes of
different sizes. It was shown that the cage formgdiwo pyridyl bearing dianthracene

ligands linked by Hg ions (Figure 3820) can bind both g and Go fullerenes in their

respective solutions but preferentially bindg @ut of the fullerene mixturg.[314n contrast,

a Pd linked coordination network bearing 2,4,6-tris(4-pyridyl)-1,3,5-triazine ligands (Figure

36, 121) preferentially extracts fg from the fullerene mixture.[306] Binding between the

fullerene and coordination cage is relatively strong, with binding constants ranging from

1.2x1d to 6.2x13 M determined by UV/vis titrations, NMR titrations or fluorescence

guenching experiments.[3[LZThe resulting host-guest structures are robust and stable

therefore release mechanisms are quite important. The common strategy is chemical

decomposition of the coordination capsule by treatment with strong| acid.[306] Milder

non-invasive methods have also been reported, for example, a light-responsive capsule was

designed which releases the fullerene under photoirradiation as a result of decomposition of

the cage and precipitation &f)° (Figure 35.116). 31j|

120 121 122

Figure 36. Examples of coordination cages capable of fullerene encapsul2prR(=

OCH4OCH), 314[] (Q21), 30ﬁ| and (22), where M=Pd.[31R]. Reprinted with permission

from ref 314, Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; ref,306
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Copyright 2010 Macmillan Publishers Ltd; ref 312, Copyright 2013 American Chemical

Society.

The binding between fullerene and the coordination cage is relatively strong, and excited
state intramolecular interactions can often be observed with transient absorption and
fluorescence spectroscopy utilised to investigate the photoinduced electronic properties in
these systems. Thus, fluorescence spectroscopy of the Hg linked cage bearing anthracene
moieties (Figure 36,120) shows blue emission upon photoexcitation with absolute
guantum yield ofd = 16 %, however the corresponding host-guest complexes of the capsule

with Cgp and G are both non-emissive owing to strong host-guest interactions and efficient

energy transfer from the host framework to the fullerene quest.[314] In contrast, only weak

guenching of the fluorescence of the subphthalocyanine moiety by encapsuldidte@ne

was observed in the Pd linked coordination capsule (Figureld®,|312] Transient

absorption spectroscopy of the same system upon photoexcitation of the SubPc moiety
reveals transduction of the singlet excited-state energy to the fullerene guest which is then

slbject to an intersystem crossing before the enesdyansferred back to form the triplet

excited state of the Subitthe capsulg.[312]

4.2.2. Solution associates of fullereneswith porphyrin and phthalocyanine derivatives.

The nature of the carbon cage means that fullerenes are spontaneously attracted to
metalloporphyrins & phthalocyanines due to both the formation of n-n stacking interactions

and interactions between the electron density located at the [6.6] bond of the fullerene cage
and the positively charged centre of the porphyrin macroc8akg][This results in strong

association between various fullerene cages and metalloporphyrins in solution (Table 9).

Table 9. Compounds formed by association between fullerenes and porphyrin and

phthalocyanine derivates in solution.
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Fullerene | Metal Complex Binding constant | Properties/comments Ref
cage (Ko M)
Cso Mn", Fé, | Porphyrin | 0.5-5.2x16 - 316
Cd', cu',
zn', Pd
Ceo Ni" Porphyrin | 2.0x10 Anisotropic high electron mobility;| 317
triplet state upon photoexcitatipn
self-assembled porphyrin hanotub
with Gs peapods
Cso Ni", zn" | Porphyrin | 5.0x10 Formation of a 1:2 complex 318
Cso Zn" Porphyrin | - - 319
Cso zZn" Porphyrin | 6.7x10 - 320
dimer
Cso zn", Cd', | Porphyrin | 5.1-7.4x10 - 321
Cyo Rh", Ni", | dimer 6.3-8.0x10
Cu”, Agl
Cso, Cro, Zn' Porphyrin | 1.1x10-1.3x10 | - 322
Cye, Cos, dimer
Ci107Ci10
Cso zZn" Porphyrin | 2x10° - 323
Cno 2x10°
Cse, too strong to
La@Gs; measure
Ceo Zn' Porphyrin | 1.4x10 Photoinduced charge separation | 324
with alifetime of 350-550 ps
SGN@ Gy 1.7x10 Photoinduced charge separation
with alifetime of 780 ps
LusN@Gso 1.8x10 -
Li*@Cso Zn' Porphyrin | 3x10° Photoinduced charge separation | 325
with alifetime of 300us
Cso zZn" Porphyrin | 2.5x10 - 326
Li*@Cso Zn" Chlorin 7.7x1d Photoinduced charge separation | 327
with alifetime of 170us
Cso zn"; Fd' | Porphyrin, | 1.1x1d Absorption and emission, 328
Ferrocene photoinduced energy transfer
Cro 7.1x10
Ceo Zn" Phthalocya | 1.3x10 Fluorescence; charge transfer 329
Cno nine 2.8x10
Ceo Zn' Phthalocya | 1.8x1d Low selectivity; fluorescence 330
Co nine 1.9x1d guenching; photoinduced energy
transfer
Ceo cad', cd' | Corrole 1.0-1.1x16 Host-guest interactions in solution] 331
Cuo 3.9-4.3x168 and in solid state

A variety of different metalloporphyrins witfjaw-like” or “tweezer-lik& structures (Figure

37, 123-125) or cyclic porphyrin dimers (Figure 37126)|320r322] and cyclic or acyclic

porphyrin trimers (Figure 37127-128) form stable host-guest inclusion complexes with

fullerene in solution. Formation of this type of systems is monitored predominantly by
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absorption or emission spectroscopic techniques in which the shift of the Soret band (438 nm)

of the fullerene cage to a longer wavelength (442 nm) upon assogiatipn[318] and quenching

of fluorescence of the metalloporphyrin receptor upon addition of the fullerene cage are

indicative of complex formatiop.[323] Additionally, this solution association process can be

followed by'H NMR spectroscopy by monitoring the shift of the metalloporphyrin protons

upon inclusion of the fullerene cage.

—

326] These systems possess large binding constants

varying from 16 to 16 M*{31631F-322] and typically show stronger binding gf @an

Coo 323,321] with the largest values obtained for the highgr Gss, Cos and GorCiio

fullereneg[322] and endohedral fullerene cages such as sz80€ SeN @ Cgp [323,324] and

can be utilised for preparative separation of fullerene mixtures. In contrast phthalocyanines

show surprising low selectivity for the binding of different fullerene cages with association

constants only slightly higher for.£then for Go.[329,330]

Figure 37. Formation of host-guest com@exn solution between & fullerene and
“jaw-like” (123,124)|316] and “tweezer-lik& (125)|324] porphyrin dimes, a cyclic
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porphyrin dimer (R= -gHi3) (126) 319|| and acyclic 127) 326|ﬂ and cyclic {28) 323||
porphyrin trimers. Reprinted with permission from ref 316, Copyright 2002 American

Chemical Society; refZ, Copyright 2011 Royal Society of Chemistry; ref 319, Copyright
2005 Royal Society of Chemistry; ref 326, Copyright 2008 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; ref 323, Copyright 2010 American Chemical Society.

The inclusion of an additional supramolecular recognition motif can lead to a cooperative
stabilization of the fullerene complex. This was illustrated through the introduction of an
additional ammonium-crown ether interaction to the fullengrelloporphyrin associate
which dramatically stabilized the resulting complex (Figure 128). The combination of
fullerene-porphyrin and ammonium-crown ether interactions leads to a strong chelate effect
as evidenced by a high effective molarity of 3.16 M. Cyclic voltammetry of these
supramolecular complexes shows changes in the electrochemical signatures of the
metalloporphyrins suggesting fullerene-porphyrin donor-acceptor interactions in the ground
state. Further computational studies predict shortdyldiStances and strongr interactions

governed by both electrostatic and dispersion foﬁ.[MZ]

129

Figure 38. Supramolecular sg&M(Porphyrin) complex stabilised by cooperative
ammonium-crown-ether and fullerene-porphyrin interactid@,(where M = C8, Ni", CJ'

and zn", Ar = 3,5-di-tert-butylphenyl].[242] Reprinted with permission from ref ,242
Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The properties of these host-guest complexes are determined by the electron-acdepeing na
of the fullerene cage and electron donating nature of the metalloporphyrins. Due to strong
intramolecular electronic coupling these systems exhibit intramolecular energy and charge

transfer which results in the formation of charge-separaggd M(Porphyrin)* radical ion

pairs with lifetimes of 350-780 gs.[3R4] The longest lifetimes of up tou30ére reported for

the Li'@GCso-Zn(Porphyrin) system due to the strong electron accepting character of the

cationic fullerene cage (Figure 3830).[325,327] In addition, cyclic and acyclic porphyrin

dimers and & fullerenes can undergo unidirectional supramolecular polymerisation resulting
in the formation of supramolecular metalloporphyrin nanotube based fullerene peapods

(Figure 39,131). These systems possess excellent thermal stability and display high,

anisotropic electron mobility.[317,346]

S0
MTPPS*—Li*@Cy,

130 131
Figure 39. Li"@Cso-ZnP complex 130) 325|| and formation of € peapods in a

self-assembled porphyrin nanotubksX).|317] Reprinted with permission from ref 325,

Copyright 2012 Royal Society of Chemistry; ref 317, Copyright 2009 American Chemical
Society.

4.2.3. Cocrystallates of fullereneswith transition metal complexes.
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As mentioned previously, fullerenes and metalloporphyrin derivatives are spontaneously
attracted to each other, not only in solution but also in the solid state forming various

cocrystallates (Table )0

Table 10. Cocrystallates of fullerenes with metalloporphyrins and metallophthalocyanines

and their derivateves.

Fullerene cagel Metal Complex Properties/comments Ref
Cro Mn" Porphyrin Paramagnetic high-spin Mn complex| 332
Cs0, Cro Mn", F€', | Porphyrin Paramagnetic complexes, EPR 333
cd', cd', changes from high spin to low spin; 1
zn' charge transfer detected in the grour]
state
Ceo Mn", F€', | Porphyrin Molecular and ionic complexes; 334
cd', zn' paramagnetism, antiferromagnetic s
coupling; formation of Co-g bond
Ceo, Cro Mn", F€', | Porphyrin Paramagnetic complexes; 335
cd', zn' antiferromagnetoc interactions of spi
Ceo Mn", zn" | Porphyrin lonic; Paramagnetic; formation of 336

diamagnetic singly bonded dimers
upon cooling; exchange coupling
above 320 K

Ceo Mn", zn" | Porphyrin lonic; paramagnetic with strong 337
exchange interactions; formation of
diamagnetic singly bonded dimers
upon cooling

Ceo Fée" Porphyrin - 338
Ceo Cad' Porphyrin lonic complex; non-bonded 339
paramagnetic vss-bonded
diamagnetic g-Co(Porphyrin)
assembly

Ceo Co' Porphyrin lonic complex; non-bonded 340
paramagnetic vss-bonded
diamagnetic g-Co(Porphyrin)
assembly

Ceo Co' Porphyrin lonic complex; non-bonded 341
paramagnetic vs-bonded
diamagnetic g-Co(Porphyrin)

assembly

Ceo Cd' Porphyrin Ambipolar transport characteristics | 342
with nearly balanced hole/electron
mobilities

Ceo Cad', Cd' | Porphyrin Conformational changes in the 343
porphyrin macrocycle

GdSeN@GCyg;, | Ni" Porphyrin Dipole and electrostatic forces 344

Gd,ScN@Gy; ordering of the solid state structure

ThSeN@ Gy

La@ G Ni" Porphyrin High electron mobility with large 345
anisotropy
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Cso, Cro zZn" Porphyrin Formation of a self-assembled 346
porphyrin nanotube with gpeapods
with high aspect ratio and thermal
stability
Ceo Zn' Porphyrin Paramagnetic complexes; 347
antiferromeagnetic interactions of
spins; neutral and ionic complexes
Ceo zZn' Porphyrin Neutral ground state; charge transfer 348
bands in UV/Vis
Ceo zn" Porphyrin Luminescence quenching, ground st{ 349
charge transfer
Ceo zZn' Porphyrin Charge transfer bands in UV/Vis 350
Ceo Dy" Tetrapyrrole | Single molecule magnet 351
Cs0, Cro Cd', zn'"; | Porphyrin; | Weak charge transfer bands in UV/V| 352
Fe' Ferrocene
Cso In"; F" | Porphyrin, | - 353
Ferrocene
Cso, Cro Cd', CP | Porphyrin, | lonic complex; semiconductor; 354
bis(benzene)| magnetism
chromium
Coo Mg" Phthalocyani| Paramagnetic complexes; ionic 355
ne complexes
Ceo Mn", Zn" | Phthalocyani| lonic complex (binary salts), 356
ne paramagnetic
Co Fé Phthalocyani| Paramagnetic low-spin Fe complex; | 357
ne C;, forms dimers which are EPR siler
Ceo s’ I Phthalocyani| lonic complex; diamagnetic due to | 358
ne; formation of a coordination Ir-C60
metallocene | bond

Metalloporphyrins and phthalocyanines can be easily cocrystallised with various fullerene

cages to form neutral or ionic solid state complexes, structures of which have been

extensively studied by X-ray diffraction methqgds.[B32;

337

334-344,34f/-350] Various

approaches to design such supramolecular assemblies of fullerenes and metalloporphyrins or

metallophthalocyanines have been recently reviewed by Konarev 239l Additionally,

other metal containing moieties such as metallocenes can be added to form multicomponent

cocrystallateq

[352-3%4] The crystal packaging of these complexes exhibits short van der

Waals contacts between the fullerene cage and metalloporphyrin moieties (Figure 40

structure 132).

347] The properties of these solid state materials depend strongly on the

nature of the metal. Weak metalloporphyrin-fullerene MLCT bands are observed in the

absorption spectra of these systems in the 600-900 nm regi<1n.[3|48-5 52,353] Metals centres
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such as Mh, Fé', cd' and CUl form paramagnetic porphyrin complexes and combination

with  fullerene results in paramagnetic solid state fullerene-metalloporphyrin

cocrystallates.[332-343,354-3'57] These have been probed by electron paramagnetic

resonance (EPR) spectroscopy. Neutral metalloporphyrin-fullerene complexes generally

exhibit metal dependent EPR signals with strong exchange coupling interactions between

adjacent spins in the solid state.[B36337

The conformation of the porphyrin macroring is altered slightly upon cocrystallisation which
results in changes in the geometry of the metal centre and hence its properties. This was

observed for Mh porphyrin-fullerene cocrystallates in which EPR spectroscopy detected a

change from high spin to low spin for the Moomplex upon cocrystallisatidn.[333] Smaller

but still notable changes in the EPR signal were also observed in the Cu, Co and Fe

complexes due to the flattening of the metalloporphyrin ring|[338,343] lonic complexes

containing anionic gy or G, cages, which can be formed either by cocrystallisation of pre-

formed fulleride salts with corresponding metal porphyrins{339] or in situ by reduction and

subsequent crystallisation of neutral fullerepes,[340] are inherently paramagnetic due to the

presence of an unpaired electron located on the fullerene cage. These also exhibit a strong
EPR signal with exchange or antiferromagnetic coupling between the fullerene and porphyrin

coordinated metal centre based spins when cocrystallised with diamagnetic or paramagnetic

transition metal complexds.[3B4,335] Additionally, the magnetic properties of these materials

are temperature dependant and can be tuned by the appropriate choice of temperature. Thus,
anionic fullerene fragments which are paramagnetic at room temperature tend to dimerise

upon cooling to 120 K formingoc-bonded fullerene dimers which are EPR

silent[336,33f,357] Additionally, ionic complexes containingy @noieties tend to form

reversiblec-bonds with the electropositive centres of metalloporphyrins, for exampl@ Co-

bond formation was observed io-porphyrin-fullerene cocrystallates (Figure ,40
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133).]3341,339-341] This results in dramatic changes in the magnetic properties of these

complexes in the solid state at different temperaturestamsded complexes are diamagnetic
and exhibit no electron paramagnetic resonance (EPR) signal. Upon heating to temperatures

above 320 K the Co-C bond dissociates forming unbourfdpGphyrins and € which are

both paramagnetic and exhibit strong EPR signals.

Figure 40. The neutral complex formed by cocrystallisationsgg@d a Z(Porphyrin) dimer
(132)]347] and an ionic gCo(Porphyrin) cocrystallate 133).|341] Reprinted with
permission from ref 347, Copyright 2007 Royal Society of Chemistry; and ref 341, Copyright

2009 Royal Society of Chemistry.

Table 11. Cocrystallates of fullerenes with other types of transition metal complexes.

Fullerene | Metal Complex Properties Ref
cage
Ceo Co | MN", F€', CU', | Dithiocarbamate Paramagnetism; 360
zn', cd', Hd' photoconductivity
Cso Mn", Fd', zn", | Dithiocarbamate Paramagnetic complexes 361
cd', Hd' photoconductivity; charge
transfer from complex to
Ceo
Ceo, Co | MN", Ni",CU'", | Dialkyldithiocarbam | Neutral complexes:; 362
Cdu, zn'", Agd, | ate paramagnetic; strong
cd', Pt', Hd' ferromagnetic coupling;
photoconductivity
Ceo cu' Diethyldithiocarbam | Paramagnetism; 363
ate photoconductivity
Cso cd' Diethyldithiocarbam | Paramagnetic; formation| 364
ate of diamagnetic singly
bonded dimers upon
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cooling

Cso cr,Ni", cd', | Dithiocarbamate; Neutral and ionic 365
Pd', Pt bis(benzene)chromiy complexes; paramagneti
m formation of diamagnetic
singly bonded dimers
upon cooling
Ceo, Cro | VYO, Cd ,Ni" | Dithiophosphate IR spectroscopy 366
(superposition of signals
of individual parts)
Cso Mn", F€', Cd', | Dialkyldithiophosphal Non-linear optical 367
Ni", cd', zn", | te properties with strong
Pd' two-photon absorption
cross-section
Cso Ca' Bis(diphenylphosphi| lonic complex; 368
no)ethane paramagnetic
Ceo Ni" Terpyridine Coordination network 369
templated with G
Ceo RU, RU' Bipyridine Paramagnetism; 370
semiconductors
Cso Co CosSi5 cluster Electrochemistry, 371
magnetism; photoinduce(
charge separation with
6ps lifetime
Cso cr' cd Metallocene lonic complexes; 372
paramagnetic; formation
of field-induced short-
range
antiferromagnetically
ordered clusters
Cso cr Bis(benzene)chromiy lonic complex; 373
m paramagnetic, strong
exchange coupling
between ion-radicals
Cso Ca' Cobaltocene Fullerene dianion; singlet 374
vs triplet states
Cso Agd' AgNO; Formation of crystalline | 375

coordination polymers

Other main classes of metal containing moieties that have been cocrystallised with fullerenes

include dithiocarbamates (Figure 41, structur®4),|361}366

phosphines,[36§8] metallocenes (Figure 41, strucfid®),|372r374] bipyridine

dithiophosphate

5 367]

5[37

0] and

terpyridines|{[369 A wide range of metals have been used and depending on the ligand varies

from small first row transition metals such as Mn, Fe, Cu, Zn, Ni and VO to heavy second

and third row transition metals such as Ag, Cd, Pt ang

He

[36[L-367] The structure and

properties of these cocrystallate structures are essentially similar to those of the
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metalloporphyrins showing formation of neutral or ionic complexes with short
fullerene-metal contacts in the solid state. The resultant magnetic properties are strongly

metal dependant, forming paramagnetic compounds with Cr, Mn, Fe, Co and Cu

complexeq.[36[L-3646,368,3[70-374] In addition, dithiocarbamate complexes possess good

photoconductivity with conductivity increasing by up to®1imes under white light

irradiation{[362] The main contribution to the generation of free charges is provided by

photoexcitation of the metal dithiocarbamate molecules (as found for theoBplexes) or

by direct charge transfer from the metal dithiocarbamate to the fullerene cage (as found for

Mn", Zn'" or Cd' complexes).[360,341,3p2]

Figure 41. Cocrystallates ofg& fullerene and Cu dithiocarbamaté34) 363|| and Go

fullerene and decamethylcobaltocerd@5).|374] Reprinted with permission from ref 363,

Copyright 2005 Royal Society of Chemistry; and ref 374, Copyright 2003 American
Chemical Society.

5. Conclusions.

Transition metal containing moieties can be combined with fullerene cages in a number of
different ways either endohedrally, encased within the fullerene cage, or exohedrally,

attached to the cage exterior.
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Organometallic fullerene derivatives in which the transition metal is coordinated directly to
the C-C bond of the exterior of the fullerene cage can be easily synthesised from transition
metal containing precursors and pristine fullerenes. The range of metals that can be
coordinated includes the majority of first, second and third row transition metals. In these
systems strong electronic coupling between the fullerene cage and the metal centre is
observed in both ground and excited states. However the fullerene-metal distance in these
systems and the geometry of the metal centre cannot be adjusted and hence it is difficult to
tune the properties of the resulting systems. Depending on the nature of the transition metal
centre, this compounds exhibit interesting photophysical properties, and are capable of
forming charge separated states upon photoexcitation which are however short-lived
(lifetimes in a picaseconds range). This is attributed to strong electronic coupling between the
fullerene cage and the metal centre and therefore efficient charge recombination processes.
On the contrary complexes containing spatially separated ferrocene moieties with no ground-
state electronic coupling exhibit competitive energy transfer processes as well as charge

transfer, and decay via ferrocene triplet state formation rather than through radical-ion pairs.

Coordinating transition metals to a metal binding group attached to the fullerene cage via
covalent or non-covalent interactions is the most versatile approach and enables the whole of
the transition block of metals to be attached to fullerenes. The geometry of the metal centre
can be precisely controlled by the choice of the metal binding group and the fullerene-metal
distance can be adjusted by changing the size and shape of the linker. These systems do not
exhibit any ground state electronic interactions between the fullerene cage and the metal
centre, however strong coupling is observed in the excited state which results in the
formation of long-lived charge-separated states upon photoexcitation and makes these
systems ideal candidates for applications in photovoltaic devices. The photophysical

properties of these compounds depend strongly on the nature of the transition metal
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containing moiety as well as the distance from the fullerene cage and the presence of
additional chromophores or electron donors in the molecule. Bidentate and tridentate
ruthenium and rhenium complexes attached to the fullerene cage exhibit mainly eneregy
transfer processes upon photoexcitation with limited examples of charge separated state
formation. On the contrary, tetradentate metalloporphyrin derivatives exhibit formation of

charge separated states upon photoexcitation with lifetimes in the picosecond range for
complexes with a short fullerene-metalloporphyrin distance and in the nanosecond range for
complexes with longer fullerene-metalloporphyrin distances. Incorporation of additional

electron donors or chromophores results in long charge separated state lifetimes in the

microseconds range.

Combining fullerene cages and transition metal containing molecules using van der Waals or
electrostatic forces can be utilised to obtain various weakly bound cocrystallates and
inclusion host-guest complexes. The stability of these systems is however limited as they are
often found to be air sensitive and in the case of cocrystallates can only exist as solid state
materials. These compounds exhibit weak or no ground state electronic interactions with the
properties being generally a superposition of the properties of the individual components.
Some of these complexes show evidence of weak excited state interactions resulting in
fluorescence quenching of the metal containing unit by the fullerene cage but no evidence of
charge transfer processes has been observed. This strategy does however lead to magnetic
solid state fullerene containing structures which exhibit good photoconductivity and might

find application in electronic devices.

To summarise, the most versatile approach to create fullerene-transition metal arrays is
attaching a metal binding group to the exterior of the fullerene. It enables the formation of
robust, stable and soluble systems in which the fulletemeetal distance can be adjusted by

the choice of the suitable linker, and the geometry of the metal centre can be precisely
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controlled by the choice of the metal binding group. However, only a limited number of
metal binding groups have been attached to the fullerene cage, these have mainly consist of
N-donor ligands such as pyridine, bipyridine, terpyridine or porphyrin derivatives, each of
them can specifically bind a small number of transition metals. Currently no universal
fullerene based metal receptor exists that can bind a wide range of different transition metals
in an identical fashion. The most promising systems to date, porphyrin and phthalocyanine
functionalised fullerenes, have showed potential in this area, however, are difficult to

synthesise as they require preparation and separation of asymmetric precursors.

The ability to systematically vary the metal centre within fullerene-transition metal arrays
whilst retaining the same fullerene based framework will allow the light-absorbing, redox and
consequently photoexcited state properties of these systems to be investigated and optimised
for use in photovoltaic devices. Additionally the unique properties of the fullerene cage such
as the ability to reversibly accept electrons and a high affinity for a variety of carbon
nanostructures will allow the formation of well-ordered 2D and 1D arrays of spin active
metal-fullerene centres. These novel functional nanoscale materials have potential to find use

in a wide range of applications including molecular electronics and quantum computing.

In conclusion, fullerene-transition metal complexes are an interesting class of compounds that
have evolved significantly over the past decade. These compounds possess unique properties
combining the advantages of both the carbon based nanosized fullerene cage and transition
metals, and as such they can find applications in various fields including catalysis, molecular

electronics and photovoltaics.
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