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In this review article, we highlight recent advances in the field of solar energy conversion at a molecular level. We focus

mainly on investigations regarding fullerenes as well as endohedral metallofullerenes in energy and/or electron donor-
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acceptor conjugates, hybrids, and arrays, but will also discuss several more advanced systems. Hereby, the mimicry of the

fundamental processes occurring in natural photosynthesis, namely light harvesting (LH), energy transfer (EnT),

reductive/oxidative electron transfer (ET), and catalysis (CAT), which serve as a blue print for the rational design of

artificial photosynthetic systems, stand at the focalpoint. Importantly, the key processes in photosynthesis, that is, LH,

EnT, ET, and CAT, define the structure of this review with the only further differentiation in terms of covalent and non-

covalent systems. Fullerenes as well as endohedral metallofullerenes are chosen by virtue of their small reorganization

energies in electron transfer processes, on one hand, and their exceptional redox behaviour, on the other hand.

1. Introduction

Natural photosynthesis is a highly sophisticated process, where
solar energy is converted into chemical energy in the form of chem-
ical bonds in organic molecules. In fact, photosynthesis generates
organic molecules that are the building blocks of all living organ-
isms. Also fossil fuels, such as oil, natural gas, and coal originate
from photosynthetic activity. They formed millions of years ago,
when large quantities of dead organisms were buried underneath
sedimentary rock and subjected to intense heat and pressure. The
success of natural photosynthesis is based on the fact that sunlight,
water, and carbon dioxide, are available in abandon quantities.
Still, the evolution of plants was governed by survival and successful
reproduction rather than by maximum efficiency of biomass pro-
duction. Thus, the overall solar energy to dry matter conversion
yield is rather moderate with yields seldomly exceeding 1%." De-
spite the aforementioned, natural photosynthesis, especially the
early events, that is, light harvesting (LH), energy transfer (EnT, A),
and electron transfer (ET, - ), proceed with unit quantum effi-
ciencies. It is fair to say that the light harvesting pigments and the
electron transport chain provide a blue print for artificial photosyn-
thetic model systems. Solar energy is absorbed, for example, by
chlorophylls, carotenoids, and other pigments and is consequently
funnelled to the photosynthetic reaction centre, where the initial
charge separation takes place. At the heart of the photosynthetic
reaction centre is a pair of chlorophylls, which are in close van-der-
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Waals distance. Once photoexcited either by direct light absorption
or by transduction of singlet excited state energy from the antenna
systems, it donates an electron to a neighbouring pheophytin - Fig.
1. Noteworthy, electron transfer processes over large distances
tend to be rather slow and, thus, to be non-competitive with re-
spect to energy dissipating reactions. To circumvent this inherent
problem, photosynthetic organisms have developed sequences of
short-range electron transfer events, which finally generate long
lived transmembrane charge-separated states. The initial electron
transfer from the special pair to a neighbouring pheophytin takes
about 3 ps. Within a few hundred picoseconds the reduced pheo-
phytin transfers its extra electron to an electron accepting plas-
toquinone Q. Plastoquinone accepts, however, two electrons and
two protons to yield its plastoquinol QH, form in the micro- to
millisecond time regime according to its redox state. This happens
prior its diffusion from the reaction centre to the cytochrome bgf
complex. The latter together with plastocyanine assist in releasing
energy to convert adenosine diphosphate (ADP) into adenosine
triphosphate (ATP). ATP is required, along with dihydronicotina-
mide adenine dinucleotide phosphate (NADPH), to convert CO, into
energy rich carbon hydrates. The oxidized special pair is re-reduced
to its neutral form via a redox active tyrosine, which channels elec-
trons from the oxygen evolving complex (CAT, 0). Thus, the oxidiz-
ing potential to facilitate water splitting in the Mn,Ca-cluster of the
oxygen evolving complex — Fig. 1 —is provided.l'10
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Fig. 1: Schematic representation of the early events in natural pho-
tosynthesis with light absorbing units (LHC) of photosystem | (PSI)
and photosystem |l (PSll), the electron transport chain with its
principal components, on one hand, the oxygen evolving complex
(OEC), and, on the other hand, the NADP" reductase as catalytic
centers (CAT).9

1.1. From natural to artificial photosynthesis

The key concepts, which are typically borrowed from natural photo-
synthesis in order to achieve efficient artificial solar to chemical
energy conversion are light harvesting, energy transfer, and elec-
tron transfer.

Light harvesting is important and requires to be optimized in artifi-
cial photosynthesis — the more light is harnessed the more charges
are likely be separated and consequently be utilized. In this regard,
particular emphasis has been placed on extending the visible light
absorption features of chromophores into the near-infrared region,
since the solar spectrum spans over all these regions.m'14 A rather
elegant but, yet, simple approach involves electron donors or ac-
ceptors with high extinction coefficients in the visible part of the
solar spectrum. The complexity is kept at a comparably simple
level. To increase the absorption characteristics in the long wave-
length region a probate means is the extension of the delocalized n-
system. This goes, however, along with changes in the electronic
properties — most notable are the HOMO and LUMO levels and
redox potentials. Alternatively, light harvesting, energy transfer,
and electron transfer are synchronized in a single system similar to
what is known in natural photosynthesis. For example, to an elec-
tron donor-acceptor couple at least one light harvester, which
transduces excited-state energy to either the electron donor or
acceptor, is linked. In the latter, charge separation takes place. In
such a case, neither the electron donor nor the electron acceptor
necessarily need to feature strong absorptions. Finally, panchro-
matic light harvesting, that is, the complementary matching of the
absorption features of the different chromophores, should be con-
sidered.

In terms of EnT, different mechanisms are known. Foérster resonant
energy transfer (FRET) is a non-radiative EnT. Here, the energy is
transferred between energy donor and acceptor primarily via di-
pole-dipole Coulomb interactions. Its rate (k) falls off with the sixth
power of the distance (eq. 1), 1011 \where keat is the first-order rate
constant for energy transfer from the energy donor to the acceptor,
k¢ is the rate constant for fluorescence of the energy donor, R is the
distance between energy donor and acceptor, and Ry is the dis-
tance, at which the energy transfer proceeds with 50% efficiency.

kEnT(Fé‘rster) = kf (RO/R)6 (1)

Energy conversion demands for an efficient FRET that the energy
donor’s emission overlaps with the energy acceptor’s absorption.

2| J. Name., 2012, 00, 1-3

This overlap criterion, however, should not be mistaken in the way
that emission and/or absorption of a photon occur. As a matter of
fact, FRET is a strictly non-radiative process. FRET is known to be
operative even at long distances in contrast to the exchange energy
transfer — vide infra — owing to the fact that the nature of the di-
pole-dipole Coulomb coupling does not require direct overlap of the
wave functions.

The exchange or so called Dexter EnT requires an overlap of elec-
tron density. If this is fulfilled, electrons are exchanged freely be-
tween two different molecular building blocks. Therefore, this
mechanism is also called exchange energy transfer. While actual
contact is not required close proximity in the range of 1 - 1.5 nm is.
The distance dependence of the energy transfer rate by the ex-
change mechanism infers an exponential fall off (eq. 2),10’ " \where J
is the spectral overlap integral and L is the effective orbital radius.

kEnT(Dexter) o« ] exp(—ZR/L) (2)

The exchange mechanism requires the simultaneous transfer of
electrons between the energy donor and acceptor. The acceptor
remains uncharged throughout the exchange process. Thereby, the
spin conversion rules are obeyed. Triplet-triplet energy transfer
processes proceed exclusively via the Dexter exchange energy
transfer. For singlet-triplet energy transfer the spectral overlap is
very small and, as a consequence, the Forster mechanism domi-
nates. At small energy donor-acceptor distances the Forster and
Dex1t4e§5mechanisms compete for the singlet-singlet energy trans-
fer.™

When turning to electron transfer, the correlation between its rate
and the thermodynamic parameters is well-described by the Mar-
cus theory for electron transfer.'® The latter provides basic princi-
ples, which allow the quantitative interpretation of electron trans-
fer rates. The rate constant for non-adiabatic intramolecular elec-
tron transfer (kgr) is given by eq. 3, where h is the Planck constant, A
the total reorganization energy, T the Temperature, V the electronic
coupling matrix element, and AGE:T the standard free energy
change upon electron transfer.

. 473 \2 V2
ET=\ 2 1k, T exp

The graphic representation of eq. 3 in the form of —AGgT versus
logker gives a parabolic dependence for the electron transfer rates —
Fig. 2. Hereby, the importance and the nature of both the electron-
ic coupling V and the reorganization energy A on the electron trans-
fer dynamics is highlighted. A rational design implies small reorgan-
ization energies for the electron transfer partners, that is, electron
donor and acceptor. The immediate consequences of either a small
or a large reorganization energy are illustrated in Fig. 2.

(AGI(;‘)T + /1)2] (3)

4Aky T

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2: Thermodynamic driving force dependence of the electron
transfer rates, as log(key), for two different reorganization energies
(Ar=0.60r 1.5 eV).

At a comparable electronic coupling (e.g. 100 em™) and similar
driving forces for charge separation and charge recombination the
magnitude of A has a profound impact on the electron transfer
dynamics. For a small A, the charge separation, on one hand, pro-
ceeds at/or close to the top region of the Marcus parabola, result-
ing in an ultrafast electron transfer. The charge recombination, on
the other hand, is pushed far into the inverted region of the Marcus
parabola and, thus, effectively slows down the energy-wasting back
electron transfer. In contrast, a large A leads to slower charge
separation, which consequently diminishes the efficiency of charge
separation. More importantly, a large A accelerates the charge
recombination leading to short lived radical ion pairs.

The total reorganization energy is composed of a solvational (A,)
and a vibrational (A;) term (eq. 4).

A=A + 4 (4)

An important requirement for small internal reorganization ener-
gies in electron donor-acceptor systems is the use of molecular
building blocks of high rigidity and, in turn, low A;. This considera-
tion is equally applicable to the electron donor as well as to the
electron acceptor. The use of solvents of different polarity helps to
fine-tune the overall reorganization energy by changing As. Fuller-
enes, in general, and endohedral metallofullerenes (EMF), in partic-
ular, exhibit remarkably low reorganization energies in electron
transfer processes. Such an intrinsic property complemented by a
number of outstanding redox properties — ranging from strong
electron accepting ability for empty fullerenes to strong electron
donating properties and even a highly amphotheric electrochemical
behaviour of EMFs — renders them ideal candidates as electron
acceptors as well as electron donors for artificial photosynthetic
mimics.”%  Not surprising, ultrafast charge separation together
with very slow charge recombination lead in fullerene based elec-
tron donor—acceptor systems to unprecedentedly long-lived radical
ion-pair states with high quantum efficiencies — vide infra.* 2628

Next to influences stemming from reorganization energies, the
intervening medium between electron donors and acceptors gov-
erns the electronic coupling and, thus, the electron transfer dynam-
ics. In particular, the top region of the Marcus parabola is modulat-
ed by the magnitude of electronic coupling V. In principal, the
electronic coupling depends on the involved states of electron
donors and acceptors and their respective distances (Rpa). Its mag-
nitude dzeécreases exponentially as a function of distance according
toeq. 5.

This journal is © The Royal Society of Chemistry 20xx
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V2 = V¢ exp(— B Rpa) (5)

Taken the aforementioned into concert, the Marcus theory of elec-
tron transfer is a valuable tool to design efficient artificial photosyn-
thetic model systems. For the realization of fast charge separation
together with slow charge recombination, small A; of the respective
molecular building blocks in electron transfer reactions is a must. In
addition, the solvent/environment should be apolar to keep A low.
Last but not least, the nature of the spacers and the distance be-
tween electron donors and acceptors have tremendous effects on
the electronic communication and, therefore, the electron transfer
rate.

We have chosen a structure for our review, which is an adaption of
the key processes in natural photosynthesis starting with LH and
EnT. This is followed by reductive as well as oxidative ET and
rounded off by CAT. Major emphasis is placed on fullerenes and
endohedral metallofullerenes (EMF) as they were combined with a
myriad of chromophores and other building blocks to mimic natural
photosynthesis. Considering that both covalently linked conjugates
and non-covalently associated hybrids play an important, but dif-
ferent role we have subdivided each chapter.

2. Artificial photosynthesis
2.1.LHand EnT—see Fig.1 A

One of the essential processes in natural photosynthesis is light
harvesting. In nature, this is accomplished by chromophores such
as chlorophyll a and b, as well as carotenoids. For artificial photo-
synthesis various chromophores that absorb light in the visible
region of the solar spectrum have been studied, amongst them are
tetra-pyrrolic macrocycles — porphyrins (Por), phthalocyanines (Pc)
or chlorines — carotenoids, subphthalocyanines, boron dipyrrome-
thene (BODIPY), perylenebisimides (PDI), tetrathiafulvalenes (TTF),
and m-extended tetrathiafulvalene (exTTF). In analogy to natural
photosynthesis any of the aforementioned chromophores can
harvest and transfer solar energy to a reaction center, where
charge separation takes place.

2.1.1. Covalently linked energy donor-acceptor conjugates

Various conjugates comprised of Pors and Pcs have been exam-
ined,30 owing to the fact that they feature complimentary absorp-
tion throughout the visible range of the solar spectrum. LH and EnT
properties strongly depend, on one hand, on the way the two dif-
ferent tetrapyrrolic marcocycles are linked and, on the other hand,
on the fine tuning of their electronic features by introducing differ-
ent peripheral substituents or metal centers as well as on the mo-
lecular topology of the ensemble. In general, Por-Pc systems are
known to efficiently transfer singlet excited state energy from Pors
to Pcs, since the long-wavelength Q-band absorption of Pcs over-
laps with the short-wavelength fluorescence of Pors. Fig. 3 shows a
couple of Por-Pc conjugates that undergo EnT with rate constants in

the range of 10'%-10" 13132

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Structures of porphyrin/phthalocyanine — ZnPc-ZnPor — based
energy donor-acceptor conjugates.sl’

Similar rate constants for EnT were observed in a pentad comprised
of four RuPcs and one H,Por, which bears four phenylimidazoles at
its meso position, to which Ru is coordinated — Fig. 4.3

Fig. 4 Structure of a porphyrin/phthalocyanine — H,P-(Ru(CO)Pc), —
based energy donor-acceptor conjugate.

In complementary studies BODIPY was employed in combination
with, for instance, Por in order to assure efficient light harvesting
and EnT. Excitation, for example, of BODIPY at 500 nm in a cyanuric
chloride linked BODIPY-ZnPor conjugate — Fig. 5 — gives rise to EnT
with rate constants of 2-3 x 10°s™.>*

"1

Bu
M=2zn, 2H

Fig. 5 Structure of a boron dipyrromethene/porphyrin — BODIPY-
ZnPor — based energy donor-acceptor conjugate.

2.1.2 Non-covalently linked energy donor-acceptor hybrids

In a supramolecular approach, two ZnPcs were assembled with a
PDI via highly directional triple hydrogen bonding — Fig. 6 — which
guarantees light harvesting throughout the visible range. Here,

4| J. Name., 2012, 00, 1-3

energy is transferred from the PDI to the Pc via FRET with a rate
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Fig. 6 Structure of a phthalocxanine/perylene — ZnPc/PDI — based
energy donor-acceptor hybrid. >

2.2 Reductive ET - see Fig. 1 [
2.2.1. Covalently linked electron donor-acceptor conjugates

Another key step in natural photosynthesis is ET. It is mimicked by
combining electron donating with accepting building blocks. To this
end, the previously mentioned chromophores as well as ferrocene
(Fc) and anilines, which easily donate electrons, and fullerenes were
considered. Owing to the ability of their rigid structure to accept up
to six electrons empty fullerenes such as Cgg, Cyo, Cyg, €tc. typically
function as electron acceptors.36 This has changed with the advent
of endohedral metallofullerenes (EMF), which exhibit amphoteric
redox properties, that is, serving as electron donor or acceptor.

2.2.1.1. Fullerenes and endohedral metallofullerenes in their
excited states

To guarantee an efficient electron transfer the necessity arises to
select suitable electron donors and combine them with fullerenes.
In terms of photosynthetic reaction mimics, they need to feature
the ability to efficiently harvest light and to match the redox re-
quirements of Cgy and/or EMFs. In the following, several examples
of Cgo in ET reactions are highlighted.

. . ape s 37 38,39 40-
Diverse electron donating entities such as aniline,”" Fc or TTF

*2 have been covalently linked to Cgy and investigated with respect
to their ET properties. Nevertheless, the largest number of electron
donor-acceptor conjugates is based either on Pors™*’
(ZnPor/H,Por) or Pcs*®™? (ZnPc/H,Pc), since they guarantee efficient
light harvesting across the visible range of the spectrum.

In general, the nature of the spacer between the electron donor
and acceptor is crucial for generating long-lived radical ion pairs.
When considering, for example, the Fc-Cgg (:onjugates?’9 shown in
Fig. 7, the role of the spacer becomes evident. In all of the four
conjugates photoinduced ET occurs, but different lifetimes of the
radical ion pairs point to different ET mechanisms. In those conju-
gates, where rigid unsaturated bridges (Fig. 7 top) are used, a
through-bond ET takes place and fast charge recombination pre-
vents sufficient stabilization of the radical ion pair. In contrast, in
the conjugates with flexible linkers (Fig. 7 bottom) a transient in-
tramolecular exciplex is formed yielding long lived radical ion pair
states, which recombine with rate constants in the order of 10° s*
in benzonitrile.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Structures of ferrocene/fullerene — Fc-Cgo — based electron
donor-acceptor conjugates.’® *

Fc-ScsN@1,-Cgp, a covalently linked electron donor-acceptor conju-

gate that comprises a ferrocene as electron donor and ScsN@1/,-Cgq

as electron acceptor, is one of the early milestones in the work on

EMFs as integrative components in electron donor-acceptor sys-
. 53-55

tems - Fig. 8.

Fig. 8 Structures of ferrocene/endohedral metallofullerene — Fc-
ScsN@1,-Cgp (left) — and triphenylamine/endohedral metallofuller-
ene — TPA-ScaN@I,,-Cgo (middle and right) — based electron donor-
acceptor conjugates.” >" %

Evidence for photoinduced formation of the (Fc)™-(ScsN@/,-Cgo)”™
radical ion pair state stems from the close resemblance of the near-
infrared part of the transient-absorption measurements with the
radiolytically and spectroelectrochemically generated spectrum of
the one-electron reduced Sc;N@1/,-Cgq radical anion. Therefore, it
was evident that ET from the ScsN@/,-Cg, singlet excited state (1.75
eV) results in the (Fc)™"-(ScsN@1/,-Cgo)” radical ion pair state (1.29
eV), which was concluded to be metastable. The decay of the latter
was monitored with rate constants of 7.8 x 10° s™ in carbon disul-
fide and 1.1 x 10 s* Remarkably, a
significant stabilization of the radical ion pair state is observed
when compared to a similar Fc-Cgy conjugate. The corresponding
decays proceed with rate constants as high as 2.2 x 10" st in car-
bon disulfide, 2.0 x 10 s in THF, and 3.7 x 10" s in benzonitrile.

in ortho-dichlorobenzene.

Next, two electron donor-acceptor conjugates comprising tri-
phenylamine and Sc;N@1/,-Cgy were investigated.56 The isomeric
TPA-[5,6]-ScsN@/,-Cgos differ in their substitution pattern, namely
N-substituted versus 2-substituted pyrrolidine as shown in Fig. 8. In
toluene and carbon disulfide, however, the radical ion pair states
with energy values of 1.9 and 2.0 eV, respectively, would be ther-
modynamically uphill for the singlet excited state of ScsN@/,-Cgp
(1.5 eV). In THF and benzonitrile the radical ion pair state energies
were estimated to be 1.42 eV and 1.22 eV, respectively. In fact, the
formation of the (TPA)"*-(Sc;N@/,-Cgo)” radical ion pair state was
confirmed in polar solvents such as THF with time constants for ET
of 3.4 x 10" s™ for the 2-substituted pyrrolidine conjugate. The
corresponding charge recombination proceeds with rate constants
of 1.7 x 10° and 4.5 x 10° s in THF and benzonitrile, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Increasing the electron donor acceptor separation, which was ac-
complished by linking TPA to the nitrogen rather than to the carbon
of the pyrrolidine ring had a profound impact on the electron trans-
fer dynamics. In particular, a larger donor-acceptor separation in
TPA-Sc;N@/,-Cgy leads to a notable slow down. In particular, for-
ward ET proceeds with a time constant of 3.4 x 10" s in THF and
back ET with <3.3 x 10° s in benzonitrile. Notably, a comparison
with the analogous TPA-Cg, conjugates revealed distinct differ-
Whereas the forward ET is just slightly slowed down, a
notable slow-down of the back ET was found. For instance, rate
constants for charge separation and charge recombination were 7.6
x 10" and 8.0 x 10° s'l, respectively, for the C-substituted TPA-Cgq
conjugate in THF. Overall, a relationship between rate constant
versus solvent polarity was noted that suggests dynamics in the
normal region of the Marcus parabola, where the rate constants
increase with increasing thermodynamic driving force. For charge
separation, reduced singlet excited state energies for ScsN@/,-Cgg
(1.5 eV), compared to Cg (1.8 €eV), are nearly compensated by
lower radical ion pair state energies. In fact, the (TPA)""-(Cqo)”™
radical ion pair has an energy of 1.67 eV in THF and 1.45 in benzo-
nitrile. In this light, the charge recombination of (TPA)™*-(Sc;N@!,-
Cgo)” is stabilized relative to (TPA) "-(Ceo) "

ences.

In the context of stable electron donor acceptor conjugates involv-
ing an exTTF electron donor and a series of empty fullerenes, that
is, Co, and two EMFs, that is, the open-shell La@C,,-Cg, and the
closed-shell La,@/,-Cgy have been studied. In this context, the
impact that different metallofullerenes exert on the excited state
energies, radical ion pair state energies, and, consequently, on the
electron transfer dynamics relative to Cgp is of importance.57 As
evidenced by absorption spectroscopy and electrochemical meas-
urements only weak electronic interactions were observed in the
ground state despite the relatively close proximity between exTTF
and fullerenes/EMFs. Cg, La@C,,-Cgy, and La,@/,-Cgq are all versa-
tile electron acceptors with first reduction potentials of -1.06, -0.38,
and -0.45 V, respectively. When these reduction potentials and the
exTTF centered oxidation is considered, radical ion pair state ener-
gies of 1.12 (exTTF-Cg), 0.43 (exTTF-La@C,,-Cg,), and 0.46 eV (ex-
TTF-La,@/,-Cgp) can be derived. Interestingly, both the exTTF sin-
glet excited state (2.7 eV) as well as the fullerene singlet excited
state (1.8 eV) and EMF singlet excited states (0.88 and 1.4 eV) are
able to drive a fast ET from the electron donating exTTF to the
electron accepting fullerenes to yield (exTTF)™"-(Cqo)™, (exTTF) -
(La@C,,-Cgy)™, or (exTTF)™*-(La,@/,-Cgo)”. Photophysical assays
reveal time constants for charge separation on the order of 10" -
10 st Charge recombination reinstates the singlet ground states
and is slowed down at least two orders of magnitude and up to 4.9
x 10% s™ for exTTF-Cg in polar benzonitrile. A large reorganization
energy of at least 1.1 eV for the oxidation of exTTF rationalized by
large structural changes forces the charge recombination into the
normal region of the Marcus parabola. In other words, more polar
solvents are desirable to stabilize the radical ion pair states.

J. Name., 2013, 00, 1-3 | 5
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Fig. 9 Structures of m-extended tetrathiafulvalene/fullerene — ex-
TTF-Cgo (left) — and m-extended tetrathiafulvalene/endohedral
metallofullerene — exTTF-La@C,,-Cg, (center) and exTTF-La,@/,-Cgq
(right) — based electron donor-acceptor conjugates.

In comparison to natural photosynthesis lifetimes of several micro-
seconds are fairly short. A system that overcomes this limit, despite
of close proximity between electron donor and acceptor, is a zinc
chlorin-Cgy conjugate — Fig. 10 — with a radical ion pair state that
decays with a rate constant of 8.3 x 102 s at -150 °C.*® Longer
electron donor-acceptor separations are, however, required to
further elongate the lifetimes.

Fig. 10 Structure of a zinc chlorin/fullerene — ZnChlorin-Cg, — based
electron donor-acceptor (:onjugate.58

Different is the approach based on a conjugate, in which H,Por was
linked to La@C,,-Cg, — Fig. 11. In the excited state, H,Por-La@C,,-
Cg, gives rise to nearly quantitative quenching of the H,Por fluores-
cence, which suggests efficient intramolecular EnT/ET events.”” ©°
Importantly, the calculated SOMO and LUMO are mainly localized
on La@C,,Cg;, While the HOMO is centered on H,Por, in close

agreement with electrochemical investigations.

Fig. 11 Structure of a porphyrin/endohedral metallofullerene -
H,Por-La@C,,-Cg, — based electron donor-acceptor conjugate.sg‘ 60

Likewise, 1,3-dipolar cycloaddition reaction of a corrole-based
precursor with ScsN@/,-Cgo lead to Corrole-ScaN@l,,-Cgo.61 In the
electronic ground state, absorption spectra suggest sizeable elec-
tronic communications between the electron donating corrole and
the electron accepting EMF. Photophysical assays probed the elec-
tronically excited state. Directly after photoexcitation the initially
populated singlet excited state of corrole decays ultrashort with
rate constants of 1.7 x 10" s in toluene, 3.7 x 10" s in THF and
1.9 x 10™ s in benzonitrile to yield the energetically low lying
radical ion pair state (1.37 eV) consisting of the one-electron-
reduced Sc;N@/,-Cgo and of the one-electron-oxidized corrole,
namely, (corrole) *-(ScsN@/,-Cgo) ™. From a global analysis, the rate

6| J. Name., 2012, 00, 1-3

constants for back ET were determined in toluene, THF, and benzo-
nitrile as 3.7 x 1010, 7.1x 1011, and 7.7 x 10" s'l, respectively.

Fig. 12 Structure of a corrole/endohedral metallofullerene — cor-
role-Scs;N@/;,-Cgo— based electron donor-acceptor conjugate.61

To overcome distances of more than 20 A, alternative concepts are
needed, since long distance ET is a nonadiabatic process. Its rate is
determined by a combination of weakly distance-dependent inco-
herent transport events and strongly distance-dependent tunnel-
ling. The latter obeys a superexchange mechanism, in which the
bridge orbitals do not contain any charges, but function solely as a
coupling medium. In contrast, during incoherent ET intermediate
states are formed that couple to internal nuclear motions of the
bridge as well as the surrounding medium. Oligomers such, for
para—phenylenevinylene62 (oPPV),  para-phenylene-
ethynylene63 (oPPE), and fluorene® (oFL) — Fig. 13 — were proven to
be suitable bridges for long distance ET. The gradual elongation of

instance

electron donor-acceptor distance, starting from ZnPor-Cg, and
implementing subsequently three and five oPPVs, results only in
marginal changes in terms of radical ion pair state lifetimes. Even at
electron donor-acceptor separations of 40 A, electron donor-
acceptor couplings of ~2.0 cm™ were determined, due to, a low
attenuation factor of 0.03 + 0.005 A™.

‘Bu

Fig. 13 Structures of porphyrin/fullerene — ZnPor-oPPV,-Cg, (top),
ZnPor-oPPE,-Cs, (middle), and ZnPor-oFl,-Cs, (bottom) — based
electron donor-acceptor conjugates.sz'

In complementary work, long-range ET events between ZnPor, as
electron donor, and Sc;N@1,-Cg, as electron acceptor were investi-
gated - Fig. 14.% It was shown that ET reactions are possible over
center-to-center distances of up to 45 A. The (ZnPor)"*-(ScsN@,-
Cgo)” radical ion pair states — with driving forces of about 0.63 eV —

This journal is © The Royal Society of Chemistry 20xx
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build up over the course of 6.7 x 10® s and are persistent on femto,
pico, and nanoseconds time-scales. As a matter a fact, kinetic anal-
yses revealed rate constants of 1.0 x 10° s for ZnPor-ScsN@/,-Cgq
() and 8.3 x 10° s™ for ZnPor-ScsN@/,-Cg (11) in strictly oxygen free
THF as well as 3.1 x 10° and 3.9 x 10° s in benzonitrile at electron
donor acceptor distances of 33 and 45 A, respectively. Due to an
electron donor-acceptor separation of 33 A and the cathodically
shifted reduction of Sc;N@/,-Cg, relative to Cgq charge recombina-
tion is evidently located in the inverted region of the Marcus parab-
ola. ScsN@/,,-Cgp, such as Cgq, features small reorganization energies
in electron transfer processes. At a larger electron donor-acceptor
separation of 46 A the back ET falls into the normal region of the
Marcus parabola.

Fig. 14 Structures of porphyrin/endohedral metallofullerene —
ZnPor-ScsN@1,-Cgp (1) (top) and ZnPor-ScsN@/,-Cgo (1) (bottom) —
based electron donor-acceptor conjugates with R = —C8H17.65

2.2.2. Non-covalently linked electron donor-acceptor hybrids

An alternative to covalently linked electron donor-acceptor conju-
gates emerges from biomimetic organization principles, such as
hydrogen bonding,gs’ 86, 67 complementary electrostatics,68 T-TU
stackingﬁg'71 and metal coordination’?. As in natural photosynthe-
sis, such supramolecular interactions ensure the hierarchical inte-
gration of multiple components into well-ordered arrays.66’ B
These spontaneous organization principles allow designing and
devising of novel functional electron donor-acceptor systems and,
in turn, predetermined architectures of defined sizes, with high
directionality and selectivity.

2.2.2.1 Fullerenes and endohedral metallofullerenes in their

ground states

An early example involving EMFs is the complexation of the para-
magnetic La@C,,-Cg, with aza- and thiacrown ethers.”” ® Even
without photoexcitation La@C,,-Cs, induces a thermal ET in solu-
tion. At complete equilibrium reversible intermolecular spin-site
exchange was demonstrated between La@C,,-Cg, as electron ac-
ceptor and various electron donors such as N,N,N',N'-tetramethyl-
1,4-phenylendiamin (TMPD), 5,10-dihydro-5,10-dimethylphenazine
(DHDMP), and decamethylferrocene (FeCp*,) —

Scheme 1.7 7® Full control over the equilibrium was gained by

varying the temperature and/or the solvent. The latter was mani-
fested by a distinct thermo- and solvatochromism. Interestingly,

This journal is © The Royal Society of Chemistry 20xx

Chemical Society Reviews

the binding affinities were found to be much stronger than those
seen for Cg.

Scheme 1: Ground-state ET between La@C,,-Cg, and TMPD in solu-

. 77,78
tion.

In analogy, the complexation and ET behavior of La,@/,-Cgy With
two of the aforementioned organic donors (i.e., TMPD and ferro-
cene) has been studied in solution.”® In contrast, La,@/;,-Cgq is
diamagnetic. However, it has an exceptionally low LUMO level and
the LUMO is localized between the encapsulated La atoms. It is the
exceptionally low LUMO level that facilitates a ground-state ET even
with diamagnetic La,@/,-Cgo. It was demonstrated that La,@/,-Cg
forms complexes with TMPD in a 1:1 stoichiometry. Thereby, the
equilibrium between TMPD/La,@/,-Cgo and (TMPD)"*/(La,@/,-Cgq)™~
is readily controlled in solution by the temperature and the solvent.

Scheme 2: Ground-state ET between [K'([18]crown-6)]PTM  and

Y@C,,-Cg, giving an anionic Y@C,,-Cg,-based compound with the
complex cation, i.e. [K'([18]crown-6)][(Y@C,,-Cg,)] in the solid

It was demonstrated that the preparation of the [K'([18]crown-
6)1[(Y@C,,-Cgy)"] salt is a very promising approach to access novel
ionic EMF-based compounds with complex cations.”” The molar
extinction coefficients for both the neutral and anionic forms of

Y@C,,-Cg, were determined in organic solvents of different polari-
ties for the first time; this is of considerable interest for developing
the chemistry and physics of monometallofullerenes such as Y@C,,-
Cgy. This new ionic EMF-based compound has revealed outstanding
stability both in solution and in the solid state. In contrast to the
systems constructed from the paramagnetic lanthanum metallofull-
erene La@C,,-Cg, and neutral organic donors reported by Akasaka
et. al., this approach is useful for the development of (M@Cs,) -
based salts with different complex cations.

2.2.2.2. Fullerenes and endohedral metallofullerenes in their
excited states

The first example, in which Cg, is linked to an electron-donating
ZnPc through a hydrogen-bonding network, generating a pseudoro-
taxane-like structure — Fig. 15 — was published in 2002.%° Here, an
efficient intracomplex ET process, starting from the ZnPc singlet
excited state yielded the (ZnPc)**-(Cq) " radical ion pair state, which
recombines with a rate constant of 6.7 x 10° s In contrast to simi-
lar covalently linked ZnPc-Cgq conjugates,81 this radical ion pair is
about three orders of magnitude longer-lived.

J. Name., 2013, 00, 1-3 | 7
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Fig. 15 Structure of a phthalocyanine/fullerene — ZnPc/Cqy pseu-
dorotaxane — based electron donor-acceptor hybrid.80

A study that involves a series of a Cgq derivative (Cgo-Py) and two
different lanthanum metallofullerene derivatives of La@C,,-Cg,
(La@C,,-Cg,-Py) and La,@/,-Cgq (La,@1,-Cgo-Py), is especially appeal-
ing for the comparison of empty fullerenes and EMFs.2 Al
Ceos/EMFs feature a pyridyl group as a coordination site for transi-
tion-metal ions. It has been shown that a biomimetic organization
principle, such as metal-ligand coordination enabled the study of
the supramolecular complex formation with ZnPor and photoin-
duced ET processes of the resulting coordinative electron-donor/
electron-acceptor arrays - Fig. 16. However, the binding was domi-
nated by axial coordination, with minor contributions from the
orbital overlap of the curved and planar mt systems. The binding
constants ranged from logK,o.=3.94-4.38. Steady-state as well as
time-resolved photophysical techniques revealed that electron
transfer governs the excited-state deactivation in all of these sys-
tems, namely ZnPor/Cgy-P, ZnPor/La@C,,-Cg,-Py, and ZnPor/La,@/,-
Cgo-Py. ZnPor served as an excited-state electron donor in this
respect. The choice of C¢o/EMF derivative provides the incentive for
controlling the forward ET kinetics (i.e. 10" s'l), and the back ET
kinetics (i.e. 10® s'l), whereas the binding constants are only mar-
ginally impacted. Firstly, the lowest reduction potential of La@C,,~
Cg,-Py results in the largest driving force for electron transfer in
ZnPor/La@C,,-Cg,-Py and, therefore, gives the fastest charge sepa-
ration. Secondly, the SOMO of [La,@/,,-Cg]” is localized between
the encapsulated La atoms. Any intermolecular overlap with
(znPor)™ is, therefore, supposed to be small’® 8 8 and charge
recombination in hindered. Consequently, the slowest charge
recombination is found in ZnPor/La,@/,-Cgo-Py.

Fig. 16 Structures of porphyrin/fullerene — ZnPor/Cg,-Py (left) — and

porphyrin/endohedral metallofullerene — ZnPor/La@C,,-Cg,-Py
(center) and ZnPor/La,@/,-Cgy-Py (right) — based electron donor-

acceptor hybrids.82

In another work, the electronic structure of three endohedral full-
erene-Zn-tetraphenylporphyrin complexes were studied in the
ground and excited state using density functional theory.85 The
binding between the two ScsN@1,-Cg or a YsN@/,-Cg and ZnPor in
these complexes stems from van der Waals interaction. A fragment
orbital analysis is carried out to examine the interaction between

8| J. Name., 2012, 00, 1-3

the two components. It turns out that small charge transfer occurs
in the ground state from ZnPor to the endohedral metallofuller-
Thereby, the orientation of the Sc;N plane, which distin-
guishes the two ScsN@Cg, complexes studied here, affects the
ground state ET. The charge transfer excited state energies are
calculated using a perturbative delta-SCF method. A comparison
with earlier calculations shows that the charge transfer excitation
energy increases from ZnPor/Cgy to ZnPor/C;o to ZnPor/ScsN@/,-Cgg
to ZnPor/Y;N@/,-Cgo. The orientation of the endohedral unit has no
impact on the excitation energy in the electron donor—acceptor
arrays. In particular, the CT excitation energies in the co-facial
complexes are above 2.0 eV in the gas-phase, which are above the
ZnPor lowest singlet excited state. We find that going from
ScsN@/,-Cgo to Y3N@/,-Cgp at the acceptor part may result in larger
CT excitation energy and lower exciton binding energy. The results
are obtained in the gas-phase, thus, in a solution or in the aggregat-
ed form, the excitation energies may change due to polarization
effects.

enes.

More recent work features the combination of different supramo-
lecular binding motifs, so called cooperative binding.ss‘ 88 ror
instance, a guanidinium bis-ZnPor tweezers is able to form a hybrid
with a Cgp-carboxylate — Fig. 17 — via hydrogen bonding as well as mt-
7 stacking, featuring exceptionally high binding constants (10° M™).*
Upon photoexcitation the hybrid undergoes ET, generating nano-
second-lived radical ion pair states, involving the singly reduced Cgq
and the singly oxidized tweezers.

Fig. 17 Structure of a porphyrin/fullerene — guanidinium bis-ZnPor/
Cgo-carboxylate — based electron donor-acceptor hybrid.86

Amm

2.3.1. Covalently linked electron donor-acceptor arrays

2.3. EnT and reductive ET — see Fig. 1

Myriad of examples to device antenna systems with suitable ener-
getic as well as spatial arrangements are known. Hexaphenylben-
zene, for example, were utilized as a core, to which up to six chro-
mophores are linked.®®®* In this context, different combinations of
chromophores were organized around the central hexaphenylben-
zene core. In a leading example, five bis-(phenylethynyl)anthracene
(BPEA) antennas are combined with a porphyrin-fullerene conju-
gate.91 Alternatively, the combinations of two BPEAs, two BODIPYs
and two ZnPorsga, or four coumarins and two ZnPor® — Fig. 18 —
have been explored. Light is absorbed in any of the mentioned
systems in the visible region of the spectrum by the BPEA, BODIPY
and coumarin antennas. Subsequently, the excitation energy is
transferred very efficiently with quantum yields of up to 1.0 to the
ZnPors via singlet-singlet EnT. Both, a direct as well as a stepwise
funnel-like pathway enables EnTs within the ps time scale via the
Forster mechanism, as in natural photosynthesis.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 18 Structures of hexaphenylbenzene based antenna-reaction
center conjugates.”® °*%

In a recent example, a photosynthetic antenna-reaction center
model combines the benefits of a ZnPor and a ZnPc with those of
triphenylamine (TPA) — Fig. 19 — resulting in a stepwise EnT from
the singlet excited state of TPA to ZnPor and to ZnPc with rate

11 -195
constants of ~ 107" s™.

N,
o
Q Al ) hed
=0 %%, e
Y
Fig. 19 Structure of the tris(triphenylamine)/zinc porphyrin/zinc

phthalocyanine — TPA-ZnPor-ZnPc — based antenna-reaction center
conjugate.95

This journal is © The Royal Society of Chemistry 20xx

2.4. Cascades of EnT and ET-see Fig. 1 A [
2.4.1. Covalently linked electron donor-acceptor arrays

As an alternative to molecular wires, which force the electron trans-
fer through a single, concerted long distance step, charges can also
be transported over longer distances (> 20 A) by a relay/cascade of
several short distance electron transfer steps along well designed
redox gradients. Several redox active building blocks, such as ca-
rotenoids (C), TTF, Fc, ZnPor, H,Por, etc. were combined with fuller-
enes, in order to generate long lived radical ion pairs.

Remarkable examples of this relay approach are Fc-H,Por-Cg,, Fc-
ZnPor-Cg, Fc-ZnPor-H,Por-Cg, and Fc-ZnPor-ZnPor-Cg, - Fig. 207 %
— where the final electron donors (i.e., Fc) and the primary electron
acceptors (i.e., Cgo) are separated by distances of up to 50 A. As an
example, Fc-ZnPor-HzPor-Cso27 mimics all the primary events seen in
photosynthesis upon photoexcitation, that is, LH, EnT, ET, and
electron shift. To be more precise, ZnPor performs as an antenna
that transfers its singlet excited state energy to the energetically
lower lying H,Por. Subsequent to this EnT, a sequential ET relay
takes place, evolving from the generated singlet excited state of
H,Por to give, initially, the adjacent (H,Por)"*/(Ces)”, then the in-
termediate (ZnPor)™/(Cg,™), and, finally, the distant (Fc)™/(Ceo)™
radical ion pair states. Here, ZnPor-H,Por, acts as a bridge, into
which the charges are intermediately stored. In the same way,
H,Por, ZnPor, and ZnPor-ZnPor are the bridges in Fc-H,Por-Cg, Fc-
ZnPor-Cg, and Fc-ZnPor-ZnPor-Cgp, respectively. The substitution of
H,Por by ZnPor”®® leads to further advances in terms of efficiency
and lifetime, since this raises the excited state energy of the chro-
mophore from approximately 1.89 to 2.04 eV. Additionally, the
oxidation potential of the electron donor is lowered by nearly 300
mV. Consequently, in Fc-ZnPor-ZnPor-Cg, larger -AG° values for the
initial electron transfer and, in turn, higher efficiencies and 34%
slower charge recombination, i.e. kg = 0.62 s'l, are yielded, com-
pared to Fc-ZnPor-H,Por-Cg,. In the context of molecular mimic of
the photosynthetic reaction center the lifetimes of the distant
(Fe)™/(Ceo)” radical ion pair states as the product of a cascade of
energy and sequential ET reactions in Fc-ZnPor-H,Por-Cg, and in Fc-
ZnPor-ZnPor-Cgy reach a time domain that has never been accom-
plished so far. The lifetimes are also comparable to those of the
bacterio-chlorophyll dimer radical cation ((Bchl), ")/secondary
quinone radical anion (QB"") ion pair in the bacterial photosynthetic
reaction center. When comparing the charge recombination rates
in Fc-ZnPor-H,Por-C¢ (2.6 s'l) and Fc-ZnPor-ZnPor-Cg, (0.62 s'l) with
those seen for the single step electron transfers in Fc-Cgp (> 10° s
1)39, H,Por-Cg (107 s'l), and ZnPor-Cg (7.7 X 10° s'l)46 differences of
six orders of magnitude, that is, seconds versus microseconds and
more become evident. Such outstanding lifetimes can be rational-
ized by very small electronic coupling elements of (5.6 + 0.5) x 107
emtin Fc-ZnPor-ZnPor-Cg, relative to, for example, a value of 7.9
1.7 cm™ seen for ZnPor-Cg,, where the separations are ~12 A. This
finding correlates with negligible orbital overlap and a rather high
attenuation factor of 0.60 Afl,% gathered from a linear but steep
relationship between radical ion pair lifetimes, on one hand, and
electron-donor-acceptor separations, on the other hand.

J. Name., 2013, 00, 1-3 | 9
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Fig. 20 Structures of ferrocene/porphyrin/fullerene — Fc-ZnPor-Cg,
(top), Fc-H,Por-Cey (middle top), Fc-ZnPor-H,Por-Cg, (middle bot-
tom), and Fc-ZnPor-ZnPor-Cgo (bottom) — based electron donor-

27,28
acceptor arrays.

Fig. 21 surveys a few examples of BF,-chelated azadipyrromethene
(azaBODIPY) building blocks in combination with fullerenes and
Fc/phenothiazine (PTZ) electron donors as a platform to study the
influence of electron donor-acceptor distances, orientations, and
excitation wavelengths on the efficiency and mechanism of ET
reactions.”* In (Fc)z-azaBODIPY-CGO98 and (PTZ)Z-azaBODIPY-CSO99
only a single step ET is found to generate radical ion pairs in the
form of (Fc), *-azaBODIPY-(Cqo)™ and (PTZ),-(azaBODIPY)™*-(Ceo)™,
respectively, which recombine with rates in the order of 105 In
stark contrast, in BODIPY-azaBODIPY-Cg, a multistep ET affords
radical ion pairs (BODIPY) *-azaBODIPY-(Cgo)"~ with charge recombi-

nation rates of 5-6 x 10° s .

10 | J. Name., 2012, 00, 1-3

Fig. 21 Structures of azaBODIPY/fullerene — (Fc),-azaBODIPY-Cg,
(top), (PTZ),-azaBODIPY-Cg, (middle), and BODIPY-azaBODIPY-Cgq
(bottom) — based electron donor-acceptor arrays.gw9

2.4.2. Mechanically interlocked electron donor-acceptor hybrids

Another important aspect for the successful design of artificial
photosynthetic systems is the appropriate spatial arrangement of
the different chromophores, which can be accomplished through
covalent Iinkageso' 100103 51 yig supramolecular interactions®” 102'106,
as described above. An interesting alternative to spatially arrange
the chromophores is provided by mechanically-interlocked systems,
such as catenanes and rotaxanes, decorated with Cgy as electron
accpetor and various electron donors - Fig. 22107199 por example, a
catenane’™® decorated with ZnPor and Cgo Undergoes a sequence of
EnT and ET processes along a redox gradient, ultimately yielding a
radical ion pair state possessing (ZnPor)™ and (Ce)*~ with a charge
recombination rate of 9.1 x 10° 5'1, roughly two times slower than
the same charge separated state in the rotaxane analog.111 This
significant difference in lifetime reflects the distinct topology of the
two interlocked systems. The catenane is conformationally rigid,
while the rotaxane counterpart is not. Therefore, the former keeps
the ZnPor and Cgy moieties at longer and fixed distance, while the
latter brings them closer to each other, a process that is driven by
secondary interactions between the chromophores and allowed by
the unclosed ring of the rotaxane.*** However, when 1,4-
diazabicyclo[2.2.2]-octane (DABCO) is added to the rotaxane bear-
ing two ZnPor stoppers, the central metal serves as recognition site
for complexation and a bridge between the two ZnPors of the ro-
taxane is formed, generating a catenane-like structure, resulting in
a radical ion pair state lifetime comparable to those observed in the
catenane."™® ™ When replacing ZnPor in the catenated system by

This journal is © The Royal Society of Chemistry 20xx
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MgPor or H,Por, analog processes take place, however ET is not
enhanced, in spite of MgPor’s low oxidation potential (0.07 V com-
pared to 0.28 V in ZnP in 0-DCB vs. Fc/Fc') and radical ion pairs are
shorter lived."® Another decisive fact for the ET to take place in the
investigated catenanes and rotaxanes is the presence of the central
[Cu(phen),]” moiety. When the Cu(l) ion is removed from the
(znPor),/[Cu(phen),]*-Cq, rotaxane, major structural changes occur
and photoinduced ET no longer takes place. From those results it is
deduced that the central [Cu(phen),]” moiety is of critical im-
portance for the long-range ET in the investigated interlocked sys-
tems and serves as a mediator in the ET chain.!"’ A significantly
slower charge recombination rate for (ZnPor)**/[Cu(phen),]*/(Ceo)2
of 3.1 x 10* s could be achieved in Cgo stoppered porphyrinorotax-
anes'® — Fig. 22 top left, since here the close approach of ZnPor
and Cgy moieties is excluded. Further variations in the rotaxanes,
namely exchanging the electron donating moieties leads to differ-

ARTICLE

ent results. When the ZnPor stoppers are replaced by Fc, which is
easier to oxidize than the porphyrins and, thus, lowered the energy
level of the CS state, long range ET is inhibited and only the ns-lived
(Fc)z/[Cu(phen)2]2+/(C50)2" is observed, without any appreciable
evidence for a subsequent charge shift to the Fes. M However,
when replacing just one of the ZnPor stoppers by Fc, a charge shift
from ZnP to the ferrocene takes place to yield the thermodynamic
more stable Fc-centered charge separated state
ZnPor/(Fc)"*/[Cu(phen),]’/(Ceo), ", With a charge recombination rate
of 1.6 x 10* s."?° Furthermore, also ZnPc was introduced as elec-
tron donor to the [Cu(phen),]’-based rotaxanes, on one hand, in
combination with ZnPor, on the other hand, together with Fc.
Again multistep EnT and ET was observed, generating long lived
radical ion pair states, including singly oxidized [Cu(phen),]*, ZnPor,
ZnPc or Fc and singly reduced Cgp, with charge recombination rates
5 -1120

of 1-2x10°s™.

Fig. 22 Structures of porphyrin/[Cu(phen),]/fullerene — ZnPor/[Cu(phen),]’/(Ceo) (top left), (ZnPor),/[Cu(phen),]’/Ceo (2X) (top right and
middle top right), ZnPor/[Cu(phen),]*/Cq, (middle top left) — porphyrin/ferrocene/[Cu(phen),]/fullerene — ZnPor/Fc/[Cu(phen),]*/Cqo (Mid-
dle bottom left — ferrocene/[Cu(phen),]*/fullerene - (Fc),/[Cu(phen),]’/Cso (middle bottom right)) — phthalocya-
nine/porphyrin/[Cu(phen),]’/fullerene — ZnPc/ZnPor/[Cu(phen),] Cs, (bottom left) — phthalocyanine/ferrocene/[Cu(phen),]*/fullerene —
ZnPc/Fc/[Cu(phen),]’/Cqo (bottom right) —based electron donor-acceptor catenanes and rotaxanes. 110, 111, 113-115, 113, 120

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11
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2.5. Switchable ET / reductive or oxidative ET - see Fig. 1 [l

Two studies among the early work of photoinduced ET with endo-
hedral metallofullerenes underpin their highly amphotheric nature
in electron transfer processes.m‘ 122 Stable, covalently linked con-
jugates of ZnPor, on one hand, and M,@/,-Cgq (M = Ce or La) or
ScsN@/,-Cgp, On the other hand, have been prepared — Fig. 23.
Steady-state absorption spectroscopy and electrochemistry docu-
ments appreciable interactions in the ground state that are ration-
alized by a close-contact geometry as well as unusual strong m-mt
and electrostatic interactions. Density functional calculations reveal
that in the lowest energy conformations assume van der Waals
distances. Photophysical assays corroborate a quite remarkable
effect of the endohedral cluster on the charge transfer chemistry.
Whereas photoexcitation of ZnPor-Sc;N@1/,-Cg affords the same
(ZnPor)™*-(ScsN@1,,-Cgo)”” radical ion pair regardless of the solvent
polarity, the outcome of photoinduced charge transfer for ZnPor-
M,@/,-Cg varies with solvent polarity. Notably, ET evolving from
the ZnPor singlet excited state (2.0 eV) is thermodynamically feasi-
ble in all the tested solvents ranging from toluene to DMF since the
(ZnPor)" -(M,@1,-Cgo)"" radical ion pair energies have energy levels
ranging from 0.72 eV (toluene) to 0.45 eV (DMF) for (ZnPor)"-
(La,@1,-Cgo)™* and from 0.78 eV (toluene) to 0.49 eV (DMF) for
(ZnPor)"-(Ce,@1,-Cgo)™".  On the contrary, the (ZnPor)™-(M,@I,-
Cgo)” radical ion pairs are associated with energies with the highest
value in toluene (2.3 eV) exceeding the one of the singlet excited
ZnPor. When more polar solvents such as benzonitrile or DMF are
used the (ZnPor)™-(M,@/,-Cgo)"~ radical ion pair state becomes
thermodynamically accessible by singlet excited ZnPor. In other
words, reduction of the highly localized [M2]6+ cluster is sufficiently
exothermic in all solvents. The electronic coupling is weak between
the [Mz]6+ cluster and the electron-donating ZnPor. The oxidation
of (CSO)G' and the simultaneous reduction of ZnPor, on the other
hand, necessitate solvent stabilization. In that case, the strongly
exothermic (ZnPor)"-(M,@/,-Cg,)"* radical ion pair state formation
is compensated by a nonadiabatic charge transfer and the
ZnPor/(Cgo)G' electronic matrix element exceeds that for
ZnPor/[Mz]6+. Notably the product of charge recombination is also
different. On one hand, (ZnPor)™*-(M,@/,-Cg,)"” recombines to the
singlet ground state, on the other hand, (ZnP)"-(M,@/,-Cg,)"* gives
the triplet excited state of the dimetallofullerenes. Rate constants
for charge separation were found to be ultrafast on the timescale of
10" s for ZnPor-Ce,@/,-Cgo and even faster for ZnPor-La,@/,-Cgq
(>10"”s?). A thorough kinetic analysis lead to charge recombination
rate constants of 1.8 x 10" (benzonitrile), 8.6 x 10° s (DMF) for
ZnPor-Ce,@/,-Cg, as well as 4.3 x 10° (toluene), 5.8 x 10° (THF), 1.8 x
10° (benzonitrile), and 1.6 x 10*° s (DMF) for ZnPor-La, @/,-Cgp.

ROYAL SOCIETY

OF CHEMISTRY

The solvent dependent electron transfer with the dimetallofuller-
enes M,@1,-Cgg is @ promising way to tune the outcome of photoin-
duced electron transfer events. So, EMFs can not only be consid-
ered as n-type but also as unprecedented p-type fullerene material
for a solar energy conversion system. Likewise, this paves the way
en route towards purely oxidative electron transfer with EMFs as

electron donors as new possibilities for fundamental processes of
123

water oxidation triggered by light.

Fig. 23 Structures of porphyrin/endohedral metallofullerene -
ZnPor-Ce,@/,-Cg (left), ZnPor-La,@/,-Cg, (center), and ScsN@1,-Cgo-
ZnPor (right) — based electron donor-acceptor conjugates.m’ 122

2.6. Oxidative ET - see Fig. 1 [
2.6.1. Covalently linked electron donor-acceptor conjugates

2.6.1.1. Fullerenes and endohedral metallofullerenes in their
excited states

Oxidation of fullerenes usually requires harsh conditions. Thus,

oxidation occurs only by treating them with, for example, strong
124-126 . . . .

or upon photo- or electron-induced ionization
127-129

In

the first example of intermolecular ET oxidation of empty fullerenes

the presence of p-benzoquinone and radical ion pair stabilizing

scandium triflate Sc(OTf); facilitate an oxidative electron transfer.’*

oxidizing agents
in the presence of electron transferring photosensitizers.

Fig. 24 Structures of a fullerene/trinitrofluorenone — Cgo-TNF —
based electron donor-acceptor conjugate.131

For a long time just a single case of intramolecular oxidation of

132 .
In a fullerene-trinitro-

fullerenes has been reported — Fig. 24.
fluorenone conjugate, photoexcitation leads to the formation of
oxidized Cgp, and reduced TNF. However, this unprecedented ET
event only occurs in the presence of radical ion pair stabilizing
Sc(OTf);, whereas the triplet excited state of the fullerene was

observed in the absence of the latter.”

12
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La,@/,-Cgo-TCAQ (see Fig. 25), where La,@/,-Cgq is covalently linked
to the strong electron acceptor 11,11,12,12-tetracyano-9,10-
anthra-p-quinodimethane (TCAQ), was one of the early studies that
demonstrated oxidative electron transfer to be operative from the
electron donating La,@/,-Cg, to the electron accepting TCAQ to give
the (La,@/,-Cgo)*-(TCAQ)"™ radical ion pair state in nonpolar as well
as polar media.”®® In the ground state weak electronic coupling
dictates the interactions between La,@/,-Cgo and TCAQ. However,
La,@/,-Cgq in its singlet excited state (1.4 eV) powers an electron
transfer that yields a spatially separated radical ion pair state (1.15
eV). The one-electron reduced TCAQ and the one-electron oxidized
La,@/,-Cgy decay with a rate constant of up to 4.4 x 10° s™ to re-
combine to the triplet excited state (1.0 + 0.1 eV) of La,@/,-Cgo. In
this electron donor-acceptor conjugate it is both the strong electron
acceptor character of TCAQ and the strong electron donor charac-
ter of La,@/,-Cgp that are decisive to afford the radical ion pair state
independent on solvent polarity.

Fig. 25 Structure of La,@/,-Cgy-TCAQ. ™

Two studies report the synthesis and full-fledged photophysical
analysis of two covalently linked LusN@/,-Cgy-perylenebisimide
(PDI) conjugates (Fig. 26). ET evolves from the electron donating
LusN@1/,-Cgy to the electron accepting PDI singlet excited state (2.32
eV) to yield the (LusN@/4-Cgo) *~(PDI)" radical ion pairs (1.43 eV)."**
B35 The latter is metastable and decays in the flexible LusN@/,-Cgo-
PDI conjugate with rate constants of 8.3 x 10° s in toluene, 1.0 x
10" s in chlorobenzene and 2.2 x 10" s in benzonitrile. Product
of charge recombination is the PDI triplet excited state. The flexible
linkage, however, turned out to be unfavourable for long-lived
charge separation.

Fig. 26 Structures of endohedral metallofullerene/PDI — LusN@/,-
Cgo-PDI (top) — and fullerene/PDI — C4-PDI (bottom) — based elec-
tron donor-acceptor conjugates.

This journal is © The Royal Society of Chemistry 20xx
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In the rigidly linked or linear electron donor-acceptor conjugate of
LusN@1,-Cgq and PDI the presence of the LusN cluster exerts an
appreciable electron nuclear hyperfine interaction on the charge
transfer dynamics. Although photoexcitation of PDI also leads to an
ultrafast PDI singlet excited state decay that results in ET, i.e., to the
(LusN@1,-Cgo)"-(PDI)"" radical ion pair state, the consecutive pro-
cesses differ dramatically. The initially formed singlet radical ion
pair state, ‘[(LusN@I,-Cgo)"*~(PDI)"], undergoes radical ion pair
intersystem crossing facilitated by electron nuclear hyperfine cou-
pling induced by the presence of the LusN cluster. The product of
this process is the triplet radical ion pair state, 3[(LuaN@I,,-Cgo)”-
(PDI)"]. Back ET from the triplet radical ion pairs to reinstate the
singlet ground state is spin-forbidden and, therefore, potentially
slower than that seen from singlet radical ion pairs. In this study it
was possible to obtain, on one hand, rate constants for the singlet
radical ion pair state as short as 3.6 x 10" ¢* (DMF) and, on the
other hand, the rate constant for the triplet radical ion pair state as
long as 9.8 x 10% s (THF). Most notably, the radical ion pair state
lifetime was, thereby, increased by over three orders of magnitude.

Fig. 27 Structures of fullerene/subphthalocyanine — C¢y-SubPc (left)
— and endohedral metallofullerene/subphthalocyanine — Lag@lg-
Cgo-SubPc (right) — based electron donor-acceptor conjugates.1 613

In another publication electron accepting SubPcs have been com-
bined with La,@/,-Cgy to prepare a series of novel La,@/,-Cgo-SubPc
electron donor—acceptor conjugates to mimic the photosynthetic
apparatus — Fig. 27.% In the excited state an intramolecular ET
evolves from La,@/,-Cgy to photoexcited SubPc to give energetically
low-lying radical ion pair states, i.e., (La,@/4-Cgo) -(F1,SubPc)™”
(1.32 eV) or (Lay@/;,-Cgo)"*~((SO,CsH11)sSUbPC) ™ (1.36 eV) ,consisting
of the one-electron-oxidized La,@/,-Cgq and of the one-electron-
reduced SubPc. The SubPc singlet excited states decay with 7.1 x
10" s and 3.3x 10" s to give the aforementioned radical ion pair
states. The singlet ground state is reinstated with rate constants
from 3.6 x 10" to 2.9 x 10*° s™. One should keep in mind that the
short separation between the electron donors and acceptors still
allows for optimization of the radical ion pair state lifetimes via the
tailored design of linkers between SubPc and La,@/,-Cgy. In com-
parison, reference conjugates of Cg, and SubPcs under identical
experimental conditions feature only a singlet-singlet energy trans-
fer from SubPc to Cg followed by a Cg centered intersystem cross-
ing and a triplet-triplet energy transfer back to the SubPc. Thus,
replacing Cg by La,@/,-Cgy provides a promising way to tune the
outcome of photoinduced processes, i.e. energy-transfer versus
electron-transfer. The first singlet excited states of the Cgy-SubPcs ,
i.e., F1,SubPc (2.16 eV), (SO,CsH;1)gSubPc (2.12 eV), or Cg (1.8 €V),
are insufficient in terms of thermodynamic driving force to power
an electron transfer. Only higher lying singlet excited states (S,
states of F1,SubPc (3.4 eV) and (SO,CsH44)SubPc) (3.3 eV)) provide
enough thermodynamic driving force to power ultrafast ET events
from Cgp to the electron accepting subphthalocyanines to yield the

J. Name., 2013, 00, 1-3 | 13
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(Ceo) ™~(F12SubPc)™™ (2.17 eV) or (Ce) *~((SO,CsH1)eSubPc)’™ (1.95
eV). This finding is of particular importance, since it is the first case
of an intramolecular oxidation of Cg, as part of an electron donor
acceptor conjugate. Rate constants for forward ET were deter-
mined ranging from 1.7 x 10" s to 2.4 x 10" s™ and for back ET
between 6.3 x 10 s and 2.6 x 10 s*.*¥7

2.6.2. Non-covalently linked electron donor-acceptor hybrids

2.6.2.1. Fullerenes and endohedral metallofullerenes in their
excited states

Scheme 3: Small reorganization energies of photoinduced electron
138

transfer between spherical fullerenes.

Another study probed the exceptional low reorganization energies
of photoinduced ET between different endohedral metallofuller-
enes or Cgo — Scheme 3. |t was demonstrated that intermolecular
ET occurs from either ScsN@/,-Cgo or Cgo to the triplet excited state
of the lithium-ion encapsulated Li'@Cg (1.67 €V) upon nanosecond
laser excitation with 355 nm in benzonitrile solutions. In the latter
case, that is, ET from ScsN@/,-Cgp to the triplet excited state of
Li'@Cq resulted in the formation of the one electron oxidized
(ScsN@1,-Cgo)™" and the one electron reduced (Li'@Cq)™ with a
bimolecular rate constant of kgy = 1.9 x 10° M7 s™ close to the diffu-
sion limited value in benzonitrile (5.6 x 10° m™? s'l). The rate of back
ET from (Li'@Cgp)"™ to (ScsN@1,-Cg)™ Was also determined to be ker
=1.9x10° M* s, The driving forces for forward ET and back ET
were calculated from electrochemical data and were -AGgr = 0.58
eV and -AGgr = 0.95 eV. Cg is far more difficult to oxidize than
ScsN@1,-Cgp resulting in an just slightly exergonic driving force for
oxidative charge transfer of -AGgr = 0.09 eV. Although it was also
possible to observe oxidative ET between Cg and Li'@Cg, after
photoexcitation to give (Cgo)™" and (Li*@Cgo)”™ with 50 % quantum
yield and a bimolecular decay rate constant of ker = 2.6 x 10°M*s™,
The back ET from (Li"@Cqgo)"™ to (Cg)”* produces the triplet excited
states of 3*(Li+@C60) and 3*CGO rather than the ground state of
Li*@Cq or Cgo. The driving force dependence of logker and logkger
was well fit by using the Marcus theory of outer-sphere electron
transfer. The internal reorganization energy A; was estimated by
DFT calculations and the solvent reorganization energy A was calcu-
lated by the Marcus equation. When benzonitrile was replaced by
o-dichlorobenzene, the overall reorganization energy decreased
because of the smaller solvation stabilization of the highly spherical
fullerenes upon electron transfer in a less polar solvent. The inter-
nal reorganization energies A for electron transfer were determined
to be smaller than 0.12 eV and smaller than 0.16 eV for the
ScaN@/,-Ceo/Li'@Ceo  and  Ceo/Li'@Cqo electron donor-acceptor
couples, respectively.

The supramolecular host-guest interactions of a calixarene scaffold
bearing H,Por or ZnPor as hosts with Cgp, ScsN@1,-Cgo, and LusN@/,,-
Cgo as guests were probed with different spectroscopical and elec-

14 | J. Name., 2012, 00, 1-3

trochemical techniques.71 Job's plot analysis revealed a 1:1 stoichi-
ometry. The exponential relationship of fullerene/EMF concentra-
tion on the porphyrin fluorescence was used to quantify the associ-
ation between the bisporphyrins and the fullerenes. Interestingly,
the binding constants of ScsN@/,-Cgo, and LusN@1/,-Cgy (logK,s=5)
with the two different bisporphyrins were two order of magnitude
higher when compared to Cg (logK,=3). The endohedral fuller-
enes show the existence of an oxidative ET upon photoexcitation to
yield the (ScsN@Iy,-Cgo)™ or (LusN@I,-Cgo)™" and the corresponding
radical anions of the bisporphyrins. In contrast, the directionality of
ET within the Cg containing supramolecular hybrids is reversed,
namely yielding the Cg, radical anion and the bisporphyrin cations.
The fastest charge separation (2.0 x 10" s'l) and recombination (3.5
x 10° s™) was observed with LusN@1/,-Cgy and free-base porphyrin,
whereas the slowest forward ET (1.0 x 10% s'l) and back ET (6.9 x
10° s™) was found for Cgo and H,Por.

2.7 CAT - see Fig. 19>

In terms of photocatalysis, only a few examples using fullerenes are
known. For photocatalysis to take place, the radical ion pair needs
to be long lived. This is, for instance, the case in the ZnPor-Cgy and
ZnPor-H,Por-Cg, electron donor-acceptor arraysm. The photolyti-
cally generated (Cg)*™ and (ZnPor)"* react with NADH analogues (1-
benzyl-1,4-dihydronicotinamide and 10-methyl-9,10-dihydroacri-
dine) via one electron reduction and with hexyl viologen (HV2+) via
one electron oxidation, respectively — Scheme 4. In benzonitrile the
electron donor-acceptor conjugates act as efficient photocatalysts
for the uphill oxidation of NADH analogues by HVZ,

Scheme 4: Scheme for the ZnP-Cg catalyzed uphill photooxidation
of BNAH by HV*".

BHAN HVZ
o+ .
BHAN.')'\-)/ ZnP CGO \Qy HV*+
hv
ZnP-Cg™ ZnP*+-Cq,

HV2+ \ 4/ BHAN
ZnP-Cq (\
HV** BHAN

o+

Recent research efforts were directed towards photoelectrochemi-
cal splitting of water into hydrogen and oxygen using an organic
photodevice responsive to a broad visible absorption range up to
750 nm. Organic p/n bilayer photocathodes were prepared with
H,Pc and Cg. Thereby, Pt was loaded onto Cg. Upon irradiation
the doubly reduced (CGO)Z' is formed, which itself possesses reducing
power for H, evolution. With support of spectroelectrochemical
experiments the authors support that (CGO)Z' is the active species
participating in the H, evolution 1% 4

Further, an organic p/n bilayer system of ZnPc and C¢, was used for
the oxidative decomposition of hydrazine (N,H,) into N,, simultane-
ously yielding H, from H™ with high faradaic efficiencies. Here, the

This journal is © The Royal Society of Chemistry 20xx
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photocatalytic oxidation of N,H, to N, occurs at the ZnPc/water
interface. Reduction of H* to H, takes place at a Pt wire, to which
the reducing power photogenerated at Cg is transferred. Pt-loaded
Ceo in the ZnPc/Cg, bilayer induces the evolution of H, under acidic
conditions. The Pt-wire clearly functions a co-catalyst for H, evolu-
tion in this case."”

3. Conclusion

This review article highlights artificial model systems, featuring
empty fullerenes and/or EMFs, which mimic the key steps of natural
photosynthesis, namely LH, EnT, ET, and CAT. In the context of the
Marcus theory and different mechanisms for EnT processes, certain
aspects have to be considered in the rational design of such photo-
synthetic mimics. On one hand, chromophores that efficiently
harvest solar light have to be chosen. On the other hand, the ener-
gy donors and acceptors need to exhibit matching energetics and
overlapping electron density, respectively, in order to efficiently
transfer excited state energy. Furthermore, for efficient ET, suita-
ble redox properties of the electron donors and acceptors are re-
quired. In case of multistep ET, a redox gradient, along the electron
transfer pathway ensures fast forward ET together with long lived
radical ion pairs in close resemblance with natural photosynthesis.
In simpler model systems other concepts for charge stabilization
have been applied. In addition, it became evident in the course of
this article that the spatial arrangement of the different building
blocks in the photosynthetic model systems as well as the distance
between the final electron donor and acceptor play key roles. In
covalently linked conjugates the nature of the linkage determines
the mechanism, the efficiency as well as the dynamics of ET.
Charge transport can either occur through bond or through space,
which is influenced by the design of the molecular spacer. Non-
covalent systems, where electron donors and acceptors are self-
assembled by various supramolecular binding motifs, i.e. m-m inter-
actions, complimentary electrostatics or hydrogen bonding, facili-
tate the study of a wide range of systems via comparably easy
preparation in close analogy to natural photosynthesis. The highest
binding constants were realized in systems featuring cooperative
binding motifs. Alternatively, electron donors and acceptors can
also be brought together in mechanically interlocked systems, such
as catenanes and rotaxanes. As seen for other systems, here also
the distance between electron donor and acceptor, on one hand,
and the rigidity of the system, on the other hand, is decisive for
efficient transduction of energy as well as electrons.

Special attention is paid within this review on the role of fullerenes
in photosynthetic model systems, due to their unique redox proper-
ties and low reorganization energy in ET reactions. While empty
fullerenes function as excellent electron acceptors, EMFs exhibit
amphoteric electronic properties. In addition to the mentioned
advantages of empty fullerenes, their redox potentials can be finely
tuned by the insertion of different metals or metal clusters into
their interior. Consequently they function, depending on their
endohedral composition either as electron donors, as electron
acceptors or as both. Nevertheless, the properties of the attached
chromophore have to match and the solvent environment has large
impact as well. Besides the possibility of fine-tuning their redox

This journal is © The Royal Society of Chemistry 20xx
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characteristics via endohedral doping recent efforts place particular
attention on exploring EMFs unique properties for artificial electron
donor-acceptor systems. To this end, the stabilization of charges
via stable open-shell electronic configurations, the reduction of
orbital overlap for the charge recombination with enclosed frontier
orbitals, and the impact of nuclear hyperfine interactions of the
enclosed heavy atoms on the spin states and dynamics of radical
ion pairs.

It was also highlighted that photocatalysts based on fullerenes can
be expected to open new avenues in the fields of photo/chemical
energy conversion and large-scale photocatalysis.

In summary it has been shown, that a wide range of possibilities is
available to fine-tune and optimize the characteristics of artificial
photosynthetic systems that efficiently harvest light, transfer ener-
gy as well as electrons generating long lived radical ion pair states.
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