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Abstract
In photosynthetic systems, chlorophylls have a vital role in converting the energy of light
into chemical energy. The absorption by antenna pigments and subsequent excitation energy
transfer to the reaction centre, where charge separation processes take place, result in an
electrochemical potential which is utilized in carbohydrate production. The structural properties
of the chlorophylls as well as supramolecular interactions, mutual distances and orientations in
their natural environment, determine the function of each pigment.
The aim of this doctoral thesis was to mimic photosynthetic systems and to develop
chlorophyll-based structures and materials for artificial photosynthetic applications. The
literature review of this thesis will concentrate on the structural, photophysical, and
supramolecular properties of chlorophyll derivatives. Their functions in natural environments
and their potential use in artificial light-harvesting assemblies will be thoroughly discussed. The
focus of the literature review will be solely on biomimetic systems that are built by the
supramolecular approach. In addition to chlorophyll (chlorin) assemblies, supramolecular
systems of some important chlorophyll analogues (e.g., porphyrins) are presented.
The experimental part of this thesis is based on publications I-IV. Chlorophylls were
separated from green algae and modified synthetically to achieve the desired photophysical and
structural/supramolecular properties.
In the first part of this thesis, the energy transferring antenna structure was designed utilizing
a polymer, poly(4-vinylpyridine) (P4VP), to which Zn chlorin pigments were bound
noncovalently through metal-ligand axial coordination. The investigation of the assemblies
revealed tight coordination both in solution and solid state films. The absorptive and emitting
regimes of the solid state Zn chlorin-P4VP assemblies with variable doping levels were
determined.
In another part of this thesis, a series of covalently linked chlorin dimers were synthesized
and their intramolecular folding abilities were investigated using both spectroscopic and
theoretical techniques. It was proven that chlorin dimers fold into a C2-symmetric structure via
hydrogen bonding when the linker has a suitable length. To be exact, the folding was shown to
be favored with 4-10 carbon atom linkers, of which the carbon linker with a 6-atom backbone
was the most optimal. As a continuation of the work, the electron donating chlorin dimer was
attached to an electron acceptor, fullerene, to give a chlorin dimer−azafulleroid. The
experimental spectroscopical studies and theoretical investigations showed that the chlorin
dimer−azafulleroid undergoes conformational switching depending on the polarity of the media.
In nonpolar media, the hydrogen bonded folded dimer is present, while in polar media the two
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hydrophopic chlorins wrap around the azafulleroid. The photophysical studies indicated that the
lifetime of photoinduced charge separation is longer in the folded conformation having
similarities to the natural photosynthetic reaction centre special pair, that is, the self-assembled
chlorophyll dimer that performs the primary electron transfer step in photosynthesis.
Strong electron donors, such as ferrocene, Fe(η5-C5H5)2, and ruthenocene, Ru(η5-C5H5)2, are
often utilized as electron donors in donor-acceptor pairs or conjugated to electron donors to
achieve improved charge transfer properties with electron donating moieties. For the first time,
metallocene-appended (either [Fe(η5-C5H5)(η5-C5H4)] or [Ru(η5-C5Me5)(η5-C5H4)]) chlorin
derivatives were synthesized. The resulting metallocene-chlorins oxidized spontaneously under
air to give certain oxidation products depending on the type of metallocene attached to the
aromatic chlorin macrocycle. The oxidized metallocene-chlorins were characterized by steadystate and time-resolved absorption and emission spectroscopy.
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1 Introduction
Natural photosynthetic systems are nanoscale photonic devices that are capable of harvesting
light, separating charge and transporting it to catalytic sites, where further redox
(reduction/oxidation) processes ensure autotrophic energy production.1, 2 In these systems, solar
energy conversion relies on precisely tailored and organized assemblies of photosynthetic
pigments, of which chlorophylls perform the key roles.2 The optical and redox properties of
monomeric chlorophylls depend substantially on the functionalizations in the macrocycle.
Moreover, in a natural environment, specific functionalizations enable chlorophylls to selfassemble, in other words, to organize supramolecularly,1 into ordered structures either through
interactions with other pigment molecules, or through interactions with the prevailing protein
environment. This self-assembly results in precise mutual distances and orientations between
the pigments and has high impact on the optical and redox properties of chromophores in the
system.
“Artificial photosynthesis implies that something has been learned or borrowed from natural
photosynthesis, especially the molecules or the strategies.”

3

Porphyrins have been widely

studied in energy/electron transfer, and consequently numerous porphyrin based systems for
light energy conversion applications, such as for solar cells (e.g., organic molecular solar cells,
polymer cells, dye-sensitized solar cells ‘DSSCs’),3-7 organic light-emitting diodes (OLEDs),8, 9
and organic field-effect transistors (OFETs)10 have been developed. However, utilization of
genuine chlorophylls or its derivatives as energy/electron transferring units has not been as
popular. Possible reasons include: the high availability of cheap synthetic porphyrins, in
contrast to chlorophyll derivatives, which often demand more complicated isolation methods;
the instability of unmodified chlorophylls; and the limited amount of synthetic modification
methods.11 However, in comparison to porphyrins, the reduced chlorophyll derivatives (17,18dihydroporphyrin) have advantages giving rise to beneficial optical properties. For instance,
depending on modifications and/or the supramolecular environment, the light absorbing range
of chlorophylls can be extended to the near-infrared region to achieve maximum use of solar
energy. The electrochemical properties of chlorophylls also differ significantly from their
competitors, porphyrins. Finally, the optically pure asymmetric chlorophylls are highly

1
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tempting: in natural assemblies the chirality of the pigment dictates the binding with other
pigments or with proteins. This asymmetry provides the possibility to build chiral
supramolecular assemblies.
Among chlorophyll dyes and other tetrapyrroles, other electron transferring entities such as
metallocenes (e.g., ferrocene, ruthenocene) can be employed as electron donors or as additional
electron donating components to achieve improved charge transfer properties in donor-acceptor
systems. Also energy transferring components can be introduced into electron donor-acceptor
systems to achieve so called antenna-reaction centre models. A few examples of these systems
will arise in later chapters.
The literature review of the thesis consists of two parts: firstly the structures, aromaticities,
photophysical pathways and reactivities of chlorophyll derivatives are discussed (Chapter 2).
Subsequently, the supramolecular features and self-assembly of chlorophyll derivatives in both
natural and artificial functional systems will be presented (Chapter 3).
In the experimental part (Chapters 5), supramolecular and photophysical properties of solid
state Zn chlorin−polymer films are described (II). Additionally, new types of biomimetic special
pair chlorin dimers, formed via intramolecular hydrogen bonding and π-π interactions, are
presented (I). One of the covalently linked special pair dimers, with an m-xylene linker, was
further connected to an electron acceptor, C60. The supramolecular and photophysical properties
of the resulting donor-acceptor system are discussed (III). Finally, the novel metalloceneappended chlorins and their properties are presented (IV).

2

2 Chlorophylls
Chlorophylls, the green pigments in plants, algae and bacteria, are vital compounds for
photosynthetic organisms in which the energy of sunlight is converted to chemical energy.
Chlorophylls are aromatic and they absorb light across almost the entire range of the
photosynthetically useful spectrum (330–1050 nm).12 The long-lived excited states of
chlorophylls enable them to perform several photophysical tasks, e.g. energy transfer and charge
separation. In the following sections, the structure and background of chlorophylls will be
outlined and the aromaticity will be discussed − 2.1 and 2.2. The structure and aromaticity are
crucial factors that give chlorophylls their unique photophysical and electrochemical properties
− 2.3 and 2.4. The final section of this chapter − 2.5, will give a brief outline of the reactivities
of chlorophyll derivatives.

2.1 The basic structure and background
Chlorophylls (Chls) are chlorin pigments that are derived from the parent compound
porphyrin,13 which is a cyclic tetrapyrrole (Figure 1a). The name ‘porphyrin’ has become
established in the IUPAC-IUB nomenclature.14 Chlorin is reduced porphyrin and is
systematically named as 17,18-dihydroporphyrin, since it possesses a single bond between C-17
and C-18 of ring D (Figure 1a). A further reduced porphyrin, 7,8,17,18-tetrahydroporphyrin, in
which the saturated carbon atoms are located in two diagonally opposite pyrrole rings, is called
bacteriochlorin.
Biosynthetically, Chls (as well as BChls and porphyrins) are derived from protoporphyrin IX
(Figure 1b).15 During evolution, nature has developed versatile derivatives (Figure 1c-e) from
this precursor in order to optimize their functions for distinct purposes. Indeed, modifications
and functionalities of Chls vary depending on the circumstances, which results in a wide
spectrum of properties for the pigments. Chlorins as well as bacteriochlorins are both
biologically important porphyrin derivatives: the former pigments are abundant in plants and
algae, while the latter are found in bacterial organisms.

3
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16

Figure 1 a) Comparison of structures of porphyrin, chlorin and bacteriochlorin. The standardized 1-24 numbering
14
system (IUPAC-IUB) is shown for porphyrin. The carbon atoms adjacent to the nitrogen atoms, the positions 1, 4,
6, 9, 11, 14, 16 and 19, are designated as alpha positions. The positions 2, 3, 7, 8, 12, 13, 17 and 18 are referred as
beta positions and the positions 5, 10, 15 and 20 as meso positions. The arrows in chlorin and bacteriochlorin
designate the reduced positions. b) Protoporphyrin IX, the biosynthetic precursor of naturally occurring porphyrins,
15
15
chlorins and bacteriochlorins.
c) Chlorin-type chlorophylls (saturated bond between C-17/C-18).
d)
Bacteriochlorin-type chlorophylls (saturated bonds between C-7/C-8 and C-17/C-18) e) Other common chlorophylls
15
found in photosynthetic bacteria. The trivial names used here (BChl c, d, e, f) are actually misleading since the
pigments are chlorins. BChls c, d, e, f show variability in their ester groups, R17.
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Chls characteristically have an isocyclic five-membered ring E and a long hydrophopic
hydrocarbon chain attached via an ester linkage at C-173.15 Natural chlorophylls generally occur
as Mg2+ coordination complexes, although sometimes they occur without a metal-ion − so called
free-base derivatives, having two protons (2 H+) in their cavity instead. In natural organisms
Zn2+ is also encountered as the central metal ion although it is much less common compared to
Mg2+.
Chl a is the most common naturally occuring chlorophyll operating light-harvesting in
peripheral and core antenna complexes and also performing electron transfer reactions at a
reaction centre.15 Another important chlorophyll, Chl b, is exclusively present in peripheral
antenna structures. Because they differ in peripheral substituents, the optical absorption
characteristics of Chl a and b are different. Structurally, Chl a and Chl b differ in
functionalization of the Chl macrocycle: at position C-7, Chl a bears a methyl group, while Chl
b possesses a formyl group. The approximate ratio of Chl a and Chl b in a chloroplast is
normally 3:1 but this may vary depending on the plant species, availability of the light and
environmental factors.17, 18

2.2 Aromaticity
Aromaticity is a property which results in special stability of a molecule due to the ability of
electrons in p-orbitals to delocalize cyclically.19, 20 Aromatic compounds are often characterized
by their special stabilities, planarities, geometries, reactivities, magnetic and spectroscopic
properties. According to the Hückel rule of aromaticity, the compound is aromatic if the total
number of π electrons can be described in the form (4n + 2), where n is an integer. The most
important definition of aromaticity is the ability to sustain an induced ring current. Without
doubt, the most applied experimental tool to observe aromaticity is based on NMR chemical
shifts (δ).19 When an external magnetic field is applied perpendicular to the plane of an aromatic
system, the magnetic field causes circulation of aromatic electrons opposing the field, that is,
diamagnetic ring current. In turn, the induced ring current induces a higher field at the outer
protons of the aromatic system, resulting in deshielding (the outer protons are moved downfield,
to higher δ), while the inner protons experience lower field, resulting in shielding (the inner
protons are moved upfield, to lower δ).
All the tetrapyrroles (porphyrins, chlorins, bacteriochlorins) are aromatic, which is supported
by their uniform bond distances, planarities, π orbital overlaps, diamagnetic ring currents,
stabilities, optical properties and reactivities.16,

21, 22

The porphyrin macrocycle has 26 π

electrons delocalized over 20 carbon and 4 nitrogen atoms, whereas the hydrogenated
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derivatives, chlorins and bacteriochlorins, possess 24 π and 22 π electrons, respectively.21
Several delocalization pathways that fulfil the (4n + 2) Hückel rule can be drawn for highly
conjugated porphyrins. In regular porphyrins and its hydroderivatives, the delocalization
pathway does not normally exceed 18 π electrons22 and they also retain planarity, which is
consistent with the property of aromaticity.
A frequently encountered pathway in the literature is the [18/18] ‘inner-outer-inner-outer’
delocalization pathway (Figure 2a), devised by Rabinowitch in 1944.23 According to this
proposal porphyrin contains 18 conjugated π electrons that form a closed 18-membered ring,
i.e., [18]-diazaannulene. A noteworthy feature is that none of the inner nitrogen atom lone pairs
belong to this delocalization pathway. Additionally, the double bonds at C-17/C-18 and C-7/C-8
are somewhat semi-isolated from the delocalization pathway. In porphyrins, the presence of
both these double bonds gives rise to the red or purple colour. The hydrogenation of porphyrin
to give chlorin leaves the delocalization pathway unchanged and results in the colour change to
green. Further reduction of the macrocycle into bacteriochlorin does not affect the 18 π electron
system or the colour, although significant differences are observed in the absorption spectrum of
bacteriochlorins (Section 2.3).

Figure 2 Commonly proposed delocalization pathways of porphyrin.

In 1965, based on bond length inspection of the X-ray structure in porphyrins, Webb and
Fleisher suggested an alternative aromatic pathway, which runs through 16 atoms (Figure 2b).24
In this pathway, the lone pairs of two nitrogens are considered to be part of the delocalization
resulting in an 18 π electron system. In 1996, a new computational method based on nucleus
independent chemical shifts (NICS) was proposed as a convenient method to probe
aromaticity.25 This method, based on molecular orbital (MO) calculations, calculates the
magnetic shielding at the centers or other points of aromatic systems. In short, negative NICS
values indicate aromaticity, while positive NICS values indicate antiaromaticity. Later, Schleyer
et al.26 performed studies of the electronic structure of free base porphyrins, corroborating that
the [18/16] ‘internal cross’ pathway is included. Their analysis, based on NICS values, showed
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that the rings A and C in the porphyrin system can be considered to be true pyrrole rings. Their
conclusion was that the aromatic π system consists of these rings and the internal cross.
The recent computational studies by Sundholm and co-workers, based variously on the
aromatic ring current shielding (ARCS) approach,27-29 nucleus independent chemical shifts
(NICS) calculations,27,

28

and the gauge including magnetically induced current (GIMIC)

30

method have supported that all π electrons contribute to the aromaticity of tetrapyrroles. For
instance, in porphyrins, all pathways involving 18, 22, or 26 π electrons can be possible. The
feasible paths are those involving (4n + 2) π electrons and the total aromatic pathway may
consist of a linear combination of several routes (Figure 2c).27, 28, 30

2.3 Electronic absorption and deactivation
Since Chls are conjugated macrocycles with an extended aromatic π electron system, they
absorb light nearly in the entire range of the photosynthetically useful spectrum from the near
UV region to the near IR region. The green region is transparent which results in the
characteristic green or green-blue colour.31 The electronic structure and optical properties of
chlorophylls (and bacteriochlorophylls) are best illustrated in comparison to their parent
compounds porphyrins. In theoretical approaches, porphyrins are often used as a convenient
benchmark, due to their higher symmetries.32
The electronic absorption spectrum of porphyrin and its derivatives was theoretically
interpreted for the first time by Martin Gouterman.33-35 The two sets of absorption bands, called
B (or Soret) and Q bands, appear in the blue and red spectral regions, respectively, and these
arise from a linear combination of single electron transitions of the four frontier orbitals, namely
between the two highest occupied (HOMO, HOMO-1) π-orbitals and the two lowest unoccupied
(LUMO and LUMO+1) π*-orbitals.21,

33-36

Reduction or other structural modification of the

macrocyclic ring affects the relative energies of these transitions which gives rise to changes in
the absorption spectra.
The relative energies of the two HOMOs (a1u and a2u) and the two LUMOs (egx and egy) and
the transitions between them for porphyrin, chlorin and bacteriochlorin are illustrated in Figure
3.33,

34, 37-39

Porphyrin dianions and metal complexes have the highest symmetry: the two

HOMOs, a1u and a2u, lie so close in energy that they are nearly degenerate, while the LUMO eg
orbitals are doubly degenerate. Excited states originate from x-polarized and y-polarized
transitions (i.e., rearrangement of π electrons or shifts in electron density) that take place
perpendicular to each other in the plane of the macrocycle running through opposite nitrogen
atoms, the former from ring D to B and the latter from A to C, as illustrated by arrows on top of
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the porphyrin in Figure 3.15,

21, 36

Interaction and splitting of electronic states results in two

transitions of high intensity and high energy (Bx and By bands), and two transitions of low
intensity and low energy (Qx and Qy bands). In the case of metalloporhyrins, the x- and ypolarized transitions are degenerate. The additive combination of transition dipoles results in a
single dominant B band, whereas the Q bands arise from near cancellation of the transition
dipoles.
Reduction of the 7,8- and 17,18-double bonds to give a less symmetric chlorin or
bacteriochlorin, respectively, destroys the deneneracy in x- and y-polarized transitions: the a1u
orbital is raised and the egx and egy orbitals become non-degenerate.35 However, the LUMO
orbital, egx, remains isoenergetic upon reduction. Consequently, the HOMO-LUMO gap is
reduced, which causes a bathochromic shift, i.e., red-shift, for the Qy band. Indeed, in
metalloporphyrins, the Qy band typically appears at 550−600 nm, while in chlorins and
bacteriochlorins it is observed at 650−680 and 750−800 nm, respectively.12 Additionally, the Qy
band is increased in intensity in the order porphyrin < chlorin < bacteriochlorin, since the
splitting of transition energies results in changes in configuration interactions and transition
dipoles and the Qy band becomes symmetry allowed.35 For all the compounds, the x-polarized

egy

LUMO+1

egy
π*

eg

π*

π*
egx

egx

Energy

By

Q

B

Bx
Qx

Qy

a1u

a1u

a2u

Qy
Qx

HOMO
π

π
π

LUMO

By

a1u
a2u

Bx

a2u

HOMO-1

Figure 3 The aromatic π-conjugated tetrapyrroles (porphyrin, chlorin and bacteriochlorin) and their simplified
37 38, 39
presentation of the energy levels and electronic transitions between the frontier molecular orbitals (FMOs). ,
For
simplification, the labels a1u, a2u, egx and egy, are used for all macrocycles.
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transitions have about the same energy and thus the spectral positions of these transitions are
practically unchanged – for instance the position and intensity of Qx remains about the same.
The positions of Soret bands are not dramatically affected in chlorins when compared to
porphyrins, while in bacteriochlorins, an evident energy difference in the Soret band transitions
a2u→egy (By) and a1u→egy (Bx) results in splitting of the Soret band into high energy B y and
lower energy Bx.
The four-orbital model is a practical tool to interprete the electronic structures of porphyrin,
chlorin, bacteriochlorin.21, 35 It paves the way to determine the electronic structure, optical and
redox properties of the structurally complicated chlorophylls and their modified derivatives and
can be applied to either the metal complexes or the free-base derivatives.
In addition to electronic levels, molecules have also discrete vibrational and rotational
energy levels which have higher energies than their corresponding electronic level.19 The level
with lowest energy, the ground vibrational state, is the most populated. The involvement of
vibrational energy levels causes a vibrational structure in the absorption spectrum. Thus, in a
chlorophyll molecule, in addition to the purely electronic zero-zero transitions, Q(0,0) for
instance, a series of vibronic transitions can be observed, such as Q(0,1), Q(0,2), etc. (the first
number represents the vibrational quantum number of the ground state, and the second number
the vibrational state of the excited state).37, 40
According to the Pauli principle, two electrons in an orbital must have paired (i.e., opposite
or antiparallel) spins.19 Most organic molecules, as well as chlorophylls, have such an
arrangement and it is called a singlet. Light absorption and deactivation pathways are
commonly illustrated by a Jablonski diagram.12, 19, 41, 42 In chlorophylls, the absorption bands,
Soret and Q bands, arise from absorptions from the ground state (S0) to the singlet excited states
(S1-4).41, 42 These transitions and subsequent deactivation routes are represented in a simplified
Jablonski diagram for a chlorophyll molecule that is free from intermolecular interactions
(Figure 4). It is noteworthy that excitations from S0 directly to the triplet states (T1, Tn) are
“forbidden” (or so improbable that they cannot be observed) since this would require change in
spin angular momentum.
One possible route for an excited state to lose its energy is via internal conversion (IC) and
vibrational relaxation (VR), in which the molecule relaxes to the ground state via non-radiative
decay giving up its energy in small increments to the environment. 19 Another possible
deactivation pathway is fluorescence (F), in which energy is lost by emission of a photon. It
should be noted that both internal conversion and fluorescence occur between states of the same
spin.
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S4
Soret
S3

Qx/S2

V3
V2
V1
V0
V3
V2
V1
V0

V3
V2
V1
V0

V3
V2
V1
V0

Tn

V3
V2
V1
V0

T1

IC

A

S0

V3
V2
V1
V0

VR
ISC

Q(0,2)
Q(0,1)
Q(0,0)

Qy/S1

V3
V2
V1
V0

F

IC

P

VR

ISC

VR

42

Figure 4 Jablonski diagram of a chlorophyll molecule that is free from intermolecular interactions. S0 = ground
state, S1-4 = singlet excited states, T1,n = triplet excited states, V1, V2, …Vn = vibrational excited states, A =
absorption, F = fluorescence, P = phosphorescence, ISC = intersystem crossing, IC = internal conversion, VR =
vibrational relaxation.

Generally in molecules, fluorescence is observed almost exclusively from the lowest excited
electronic state (Kasha’s rule),42 although some exceptions exist.19 According to the FranckCondon principle, electronic transitions occur so rapidly that the atomic nuclei do not have time
to change its configuration.19 Thus, the excited state often has a very similar geometry to the
ground state, and also the vibrational structures seen in the absorption and emission spectra are
similar, i.e., they are mirror images of each other.37 In chlorophylls, fluorescence is a mirror
image of the S0→S1 absorption.12, 37 The mirror image of the S0→S2 band, for instance, does not
exist due to rapid internal conversion from S2 to S1; hence, the fluorescence spectrum of
chlorophyll always originates from the first excited singlet state, Qy(0,0), possessing weaker
vibrational features at longer wavelengths.37, 43 Additionally, the fluorescence spectrum typically
appears at longer wavelengths (lower energy) than the absorption spectrum, as some of the
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excitation energy is lost due to vibrational relaxation to the lowest S 1 state and further lost due
to relaxation to the higher vibrational levels of the ground state. The difference between the
positions of the band maxima of the absorption and emission spectra is called Stokes shift.12, 42
After excitation, the electrons occupy different orbitals and thus need not be paired.
According to Hund’s maximum multiplicity rule, the electronic state in which electrons have
parallel spins (triplet) lies lower in energy than the one with paired spins (singlet). 19 Therefore,
chlorophyll in the S1 state can decay via an intersystem crossing (ISC) to the triplet state.12
Correspondingly, like in the case of singlet excited states, if the second triplet state (T 2) or
higher triplet states (Tn) are initially populated, they decay rapidly to the lowest lying triplet
state (T1) via internal conversion and vibrational relaxation. The energy of the lowest excited
triplet state may be released as heat (via ISC to the S0) or light (phosphorescence, P).
Chlorophylls generally have long excited state lifetimes. The singlet excited state lifetimes,
i.e., fluorescence lifetimes, for monomeric (B) Chls are typically on the timescale of
nanoseconds, whereas the triplet excited state lifetimes are tens or hundreds of microseconds.44,
45

Excited triplet states logically possess longer lifetimes than excited singlet states, due to the

necessary change in spin angular momentum during transitions between the states.
Fluorescence (singlet-singlet electronic relaxation) and phosphorescence (triplet-singlet
electronic relaxation) are both forms of photoluminescence (PL). Notably, there is also a third
type of photoluminescence, which is called delayed fluorescence or E-type fluorescence.41, 46, 47
In delayed fluorescence, the first excited singlet state becomes populated by thermal activation
of the first excited triplet state. Thus, its efficiency increases with increasing temperature. This
reverse intersystem crossing (T1→S1) is improbable, but can occur when the energy difference
between the singlet and triplet states is small and when lifetime of the triplet is long. The
emission spectrum of delayed fluorescence is similar to normal fluorescence but with decay
time similar to phosphorescence, due to the flip in spin. After a T1→S1 transition radiationless
deactivation might alternatively occur instead of fluorescence.
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2.4 Quenching of the excited state
As shown in section 2.3, excited states can lose their energy by several competing processes,
either by releasing energy as heat (non-radiative) or as lower energy light (radiative). The
occurring deactivation mechanisms are fairly dependent on the substance as well as the
molecular environment. Sometimes fluorescence intensity is observed to diminish significantly
due to interaction with another molecule.46 This process is called quenching, whereas a
quencher is a substance that deactivates (quenches) the excited state of molecule. In bimolecular
systems, the main photophysical processes responsible for fluorescence quenching are
collisional deactivation (energy released as heat, Δ), excitation energy transfer, electron transfer
and excimer/exciplex formation.46,

48

Considering a molecule (M) and a quencher (Q), the

processes can be illustrated as follows (excited state denoted by asterisk symbol,*):
M* + Q → M + Q + Δ

collisional deactivation

M +Q→M+Q

energy transfer

*

*

M +Q→M +Q

electron transfer

M* + M → (MM)*

excimer formation

M* + Q → (MQ)*

exciplex formation

*

+

-

All the above processes are named as physical processes, since the structures of molecule M and
quencher Q are physically restored during the process.49 Notably, quenching can also occur due
to photochemical change in a molecule. Although electron transfer can be considered as a
chemical process, it is commonly considered to be a physical process, since charge
recombination, i.e., the back transfer/reverse electron transfer, returns both molecules to the
initial ground state.
Time-resolved fluorescence and transient absorption spectroscopy measurements are helpful
techniques for understanding photophysical pathways.46 In time-resolved fluorescence, the
fluorescence of a sample is monitored as a function of time after excitation by a flash of light
(articles II-IV), while in transient absorption spectroscopy, the change in absorption at certain
wavelengths as a function of time is measured after excitation by a flash of light (articles IIIIV). In addition to time-resolved techniques, steady-state fluorescence measurements provide a
convenient tool for confirming quenching (articles II-IV). Fluorescence quantum yield (𝜙𝐹0 ) is a
useful measure for quenching (articles III-IV), since it describes the efficiency of the
fluorescence process: it is the ratio of the number of photons emitted to the number of photons
absorbed.46, 50 For a molecule that decays by fluorescence, internal conversion and intersystem
crossing, the fluorescence quantum yield can be described by equation
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𝜙𝐹0 =

𝑘𝐹
𝑘𝐹
=
= 𝑘𝐹 𝜏0 ,
𝑘𝐹 + 𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶 1/𝜏0

(1)

where 𝑘𝐹 , 𝑘𝐼𝐶 and 𝑘𝐼𝑆𝐶 are rate constants of fluorescence, internal conversion and intersystem
crossing, respectively, and 𝜏0 is the fluorescence lifetime. In the presence of a quencher, the
fluorescence quantum yield decreases to
𝜙𝐹 =

𝑘𝐹
𝑘𝐹
=
,
𝑘𝐹 + 𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶 + 𝑘𝑄 [𝑄] 1/𝜏0 + 𝑘𝑄 [𝑄]

(2)

where 𝑘𝑄 represents the observed rate constant for the bimolecular process, and [𝑄] is the
concentration of the quencher. The equations (1) and (2) can be combined to give
𝜙𝐹0
= 1 + 𝜏0 𝑘𝑄 [𝑄] .
𝜙𝐹

(3)

This is well known Stern-Volmer kinetic relationship, which is frequently used to study the
kinetics of dynamic quenching.46, 50, 51 In dynamic quenching a quencher molecule must diffuse
through solution to interact with the excited molecule, resulting in deactivation of the excited
state. For dynamic quenching the fluorescence lifetime is shortened. In article II, the quenching
strength of Zn chlorin−P4VP assemblies was quantified from Stern-Volmer type plots.
In another mechanism − static (complex formation) − the quencher is in close contact with
the luminophore, changing its properties so that it will not emit (it is a stable ground-state
complex).51 Thus the emission intensity depends on the amount of quenchers that are
successfully interacting with the emitting molecules. For instance, in solution some of the
luminophores might interact with quenchers, while some of them do not and emit freely. In such
a case, emission intensity is naturally decreased but due to the fraction of the unaffected
molecules, there is no change in fluorescence lifetime or quantum yield.
In the following sections, the most important photophysical pathways of chlorophyll
derivatives resulting from a presence of another molecule(s) are presented. These are: energy
transfer, electron transfer and excimer formation.
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2.4.1 Energy transfer
Energy transfer can occur radiatively or non-radiatively.46 In radiative energy transfer, a
photon emitted by a donor (D) is absorbed by another molecule (A or D):
D* → D + hν
hν + A → A* or hν + D → D*
Non-radiative energy transfer is a more efficient and rapid process, occuring without emission
of photons:
D* + A → D + A*
In photosynthetic systems, excitation energy transfer is only efficient via non-radiative energy
transfer.15 The latter mechanism also has major significance in numerous applications.46, 52 Two
non-radiative interaction mechanisms, arising from coupled dipole-dipole interactions (Förster)
and from electron exchange interactions (Dexter),46 are briefly described here.
The event in which energy is transferred from one molecule to the other is called
photosensitization.19 Excitation of an electron from the ground state to the excited state leaves
behind a ‘hole’ in the ground state. This pair of excited electron and hole is called ‘exciton’.53 A
molecule in an excited state (excited donor, D*) can transfer its exciton to another molecule (A);
the process is named excitation energy transfer (EET) and it may occur between identical
molecules (homogeneous transfer) or different molecules (heterogeneous transfer). If there are
many similar molecules nearby, energy can migrate in a chain.
Resonance energy transfer (RET) – also known as Förster resonance energy transfer (FRET),
coulombic or dipole-dipole energy transfer – can occur if the vibrational transitions in the donor
and in the acceptor are coupled through transition dipole-transition dipole interactions.46, 54, 55
The dipole moment of the donor (D) changes when it relaxes non-radiatively to the ground
state, resulting in an electric field, and hence, causing excitation of the acceptor (A) (Figure 5).
To achieve such a transfer, the emission spectrum of the donor must overlap the absorption
spectrum of the acceptor. In this type of energy transfer, only energy transfer between the same
spin states is allowed.
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D*
ΔE

D

A*

A

resonant/coupled transitions
Figure 5 Energy levels of donor (D) and acceptor (A) and illustration of coupled transitions: the excitation energy is
46
transferred via resonance from donor to acceptor. Asterisk symbol (*) denotes an excited state.

Depending on the strength of interaction (or strength of transition-dipole coupling), three
classes of couplings are established, as proposed by Förster: strong coupling, weak coupling and
very weak coupling.46,

56

This classification is achieved by relating the magnitude of the

interaction energy (U) to the spectroscopic bandwidths: the electronic energy difference
between D* and A* (ΔE), the absorption bandwidth (Δw) and the vibrational bandwidth (Δε).
In the case of strong coupling, the interaction energy between molecules that undergo
resonance energy transfer is much larger than electronic and vibrational transition energies in
individual molecules (U >> Δw, Δε).46, 56 The interaction energy is also stronger than the energy
difference between between D* and A* (U >> ΔE). In the strong coupling regime, energy
transfer back to the donor also becomes possible; thus, all vibrations of the donor are in
resonance with the acceptor. The excitation energy transfer is faster than the nuclear vibrations
and vibrational relaxations, which results in coherent exciton motion between the components.
Excitation is thus free, delocalized, and oscillates back and forth between pigments (exciton
mechanism). If there are several molecules in a chain the excitation is spread over many
molecules; the pigments are excited practically simultaneously. For instance, in a photosynthetic
antenna, energy can be transported between antenna pigments over tens of nanometers until it
reaches the reaction centre, where energy is trapped in the form of charge. The exciton
mechanism occurs between pigments that have very short separation distances <2 nm. 12
Unlike the previously discussed cases, in weak coupling (often named as intermediate
coupling), the energy transfer rate is slower.46, 56 The interaction energy is significantly smaller
than the absorption bandwidth but larger than vibrational bandwidth (Δw >> U >> Δε). In weak
coupling, U >> ΔE. The donor can undergo several vibrations before energy transfer.56 The
exciton is ‘hopping’ between pigments and is more localized than in strong coupling.
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In very weak coupling, the intermolecular coupling energy is very weak compared to the
vibrational energy (U << Δε << Δw).46, 56 The vibrational relaxation of the excited donor occurs
before energy transfer, which results in delayed resonance. This mechanism applies in the
original FRET mechanism, in which energy transfer takes place stepwise, incoherently,
comprising of localized excitations. FRET can occur if the emission spectrum of the donor
overlaps the absorption spectrum of the acceptor. FRET does not require overlap of the orbitals
between the molecules; it typically occurs at distances between 1−10 nm (i.e., 10−100 Å).52 If
donor (D) and acceptor (A) are identical, energy can transfer repetitively in both directions.56
Under the condition where the donor (D) and acceptor (A) are different molecules, energy is
absorbed by the molecule absorbing at shorter wavelengths and transferred to the one that
absorbs at longer wavelengths, and thus, only emission of the acceptor is seen. In this case
energy transfer takes place in one direction only, since energy transfer from the donor to the
acceptor is much faster than relaxation rate of the acceptor. For instance, in nature, light energy
absorbed by chlorophyll b pigments absorbing at shorter wavelengths is transferred to
chlorophyll a pigments that absorb at longer wavelengths.53
The efficiency of excitation energy transfer depends on three factors: 1) the spectral overlap
of the emission of the donor and the absorption of the acceptor (Försters overlap integral); 2) the
separation distance of the donor and acceptor; and 3) the orientations of the transition dipoles of
the donor and the acceptor.52 In both strong and weak coupling regimes, the interaction energy
is proportional to R-3 (R is the distance of between the centers of the two dipoles).46, 56 In the
weak coupling case, the energy of interaction is proportional to R-6. In the latter, the efficiency
of energy transfer (commonly denoted as E or ΦT), i.e., the quantum yield of the energy transfer
transition, increases with decreasing distance,46, 56, 57 according to
𝛷𝑇 =

𝑘𝑇
𝜏𝑇
=1−
=
𝑘 𝑇 + 𝑘𝐷
𝜏𝐷

1
𝑅 6
1+( )
𝑅0

(4)

,

where kT is the rate of energy transfer, kD is the emission rate constant of the donor, τT is the
donor fluorescence lifetime in the presence of an acceptor, τD is the donor fluorescence lifetime
in the absence of an acceptor, R is the separation distance and R0 is the Förster distance of the
D-A pair. The Förster distance, R0, is determined as the distance at which energy transfer is 50
% efficient, and can be expressed by the equation
9000(ln10)𝛷𝐷 𝜅 2 ∞
𝑅0 =
∫ 𝐼𝐷 (𝜆)𝜀𝐴 (𝜆)𝜆4 d𝜆 ,
128𝜋 5 𝑁𝐴 𝑛4
0

(5)
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where 𝛷𝐷 is the fluorescence quantum yield of the donor in the absence of energy transfer, κ2 is
the dipole orientation factor, 𝑁𝐴 is Avogadro’s number, n is the refractive index of the media, ID
∞

is the fluorescence spectrum of the donor normalized so that ∫0 𝐼𝐷 (𝜆)d𝜆 = 1, and 𝜀𝐴 (𝜆) is the
molar absorption coefficient of the acceptor.46 Typically, R0 values of 50 Å to 100 Å are
obtained.56 In article II, the efficiency of FRET as the function of the intermolecular chlorinchlorin distance was determined in order to determine the Förster distance, R0.
Finally, the rate constant for the FRET can be expressed by the equation
𝑘𝑇 =

1 𝑅 6
( ) .
𝜏𝐷 𝑅0

(6)

Förster’s theory of energy transfer is based on dipole-dipole Coulombic interactions, while
the other energy transfer theory is based on the exchange interection, commonly named as
Dexter energy transfer (DET).46, 49, 50, 56 Resonance energy transfer and electron exchange are
both types of dynamic quenching.58 Energy transfer via electron exchange (DET mechanism) is
a short range interaction; it can only take place if there is spatial overlap of the orbitals between
donor and acceptor. Electron exchange typically occurs over distances similar to the van der
Waals (𝑅 = 0.5−1.0 nm).50 This enables energy transfer between singlet states or triplet states
(Figure 6).59 The DET mechanism is particularly important in natural organisms, where the
triplet energy transfer from chlrophylls to carotenoids (3Chl* + 1Car → 1Chl + 3Car*), and a
subsequent rapid internal conversion, ensure the quenching of the dangereous triplet states.12, 15
The rate of DET decays exponentially with the separation distance, 𝑅:46, 50
𝑘𝑇 =

2𝜋 ′
−2𝑅
𝐾𝐽 𝑒𝑥𝑝 (
)
ℎ
𝐿

(7).

where is 𝐽′ is the spectral overlap between the donor emission and acceptor absorption,
∞

∞

0

( 𝐽′ = ∫0 𝐼𝐷 (𝜆)𝜀𝐴 (λ)d𝜆, with the normalization condition ∫0 𝐼𝐷 (𝜆)d𝜆 = ∫∞ 𝜀𝐴 (𝜆)d𝜆 = 1 ), 𝐿 is
the average Bohr radius and ℎ is Planck’s constant.
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b) Electron exchange mechanism
- singlet-singlet Dexter energy transfer

*
a) Resonance energy transfer: dipole-dipole interaction
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Figure 6 Non-radiative energy transfer mechanisms: Förster/Dexter. D = donor, A = acceptor, S0 = ground state, S1
= singlet excited state, T1 = triplet excited state. The symbol (*) denotes an excited state.

2.4.2 Electron transfer
An excited electron is in a higher energy orbital (in LUMO) than a ground state electron (in
HOMO) and hence it is more easily donated.50 At the same time, the highest occupied ground
state orbital (i.e., HOMO) is now prone to accept an electron. The direction of electron transfer
(i.e., whether the electron will be donated or accepted) depends on the oxidative and reductive
properties of the molecules involved.46 Light-driven redox (reduction/oxidation) processes are
called ‘photoinduced electron transfer’. Oxidative and reductive electron transfer processes can
be denoted as follows:
D* + A → D•+ + A•A* + D →A•- + D•+
In the typical case, the excited molecule is the electron donating moiety (D), and in such a case
the whole process is described as follows:
D + hν → D*

excitation

D* + A → [Dδ+ ∙∙∙Aδ-]

initial charge distribution

[Dδ+ ∙∙∙Aδ-] → [D•+ ∙∙∙A•-] → D•+ + A•-

charge transfer and separation

D•+ + A•- → D + A

charge recombination
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Electron transfer can occur either from an excited singlet or triplet state of the donor.46 In the
latter case, the triplet state is initially formed via an intersystem crossing from the excited
singlet state (Section 2.3).
Marcus theory, the theory developed by Rudolf Marcus in 1956, is widely employed to
explain the rates of electron transfer reactions.60-62 Marcus received the Nobel Prize in chemistry
in 1992 for his theory.61 A brief introduction to the Marcus theory will be presented in the
following; for more detailed theoretical inspection of electron transfer, the orginal publications
by Marcus60-62 and other comprehensive references48, 63-65 are recommended.
The rate of electron transfer depends on the mutual distance of electron donor (D) and
acceptor (A), the standard Gibbs free energy of reaction (i.e., the standard free energy change),
and the reorganization energy, that is, the energy associated with molecular rearrangements in
the solvent and in the electroactive species prior to electron transfer.48, 61 The Marcus theory
describes the electron transfer processes, where the interaction energy of donor and acceptor in
the interacting pair (D*… A) is weak, i.e., the electronic wavefunctions of the donor and
acceptor do not overlap extensively.46,

48

The rate constant 𝑘𝐸𝑇 of electron transfer can be

determined by61
−𝛥𝐺 ∗
𝑘𝐸𝑇 = 𝐴 ∙ exp (
),
𝑘𝐵 𝑇

(8)

where 𝛥𝐺 ∗ is the Gibbs energy of activation (i.e., the free energy of activation) for electron
transfer, given by
𝛥𝐺 ∗ =

(𝛥𝐺 0 + 𝜆)2
.
4𝜆

(9)

The 𝐴 in equation (8) is a term depending on the nature of electron transfer reaction (i.e.,
bimolecular or intramolecular), 𝛥𝐺 0 is the standard Gibbs free energy of the electron transfer,
and λ is the total reorganization energy, that is,
(10)

𝜆 = 𝜆𝑖𝑛 + 𝜆𝑠 ,

where 𝜆𝑖𝑛 is the contribution due to structural changes in the donor and in the acceptor during
electron transfer, and 𝜆𝑠 is the contribution of the solvent reorganization and can be expressed
by61
1
1
1
1
1
𝜆𝑠 = (𝛥𝑒)2 (
+
− )(
− ).
2𝑎1 2𝑎2 𝑅 𝐷𝑜𝑝 𝐷𝑠

(11)
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In equation (11), 𝛥𝑒 is the charge transferred, 𝑎1 and 𝑎2 are the ionic radii of the donor and
acceptor, respectively, 𝑅 is the center-to-center separation distance of the donor and acceptor,
and 𝐷𝑜𝑝 and 𝐷𝑠 are the optical and static dielectric constants of the solvent, respectively.
The Gibbs energy surfaces of the complexes DA and D+A− can be represented by parabolas
characteristic of harmonic oscillators (Figure 7).48,

61, 66

The displacement coordinate (𝑞)

corresponds to the changing geometries of the system; these different nuclear configurations
(𝑞0𝑅 , 𝑞 ∗ and 𝑞0𝑃 ) are denoted in the figure. The Gibbs energy of activation (𝛥𝐺 ∗ ), the standard
reaction Gibbs free energy (∆𝐺 0) for the electron transfer process (DA → D+A−), and the
reorganization energy (λ) are also depicted. The Franck-Condon principle states that the nuclear
positions of the reaction partners and solvent molecules remain unchanged during the electron
jump.48 This means that, in the case of Figure 7a, at the nuclear configuration denoted by 𝑞0𝑅 ,
the electron transfer can not take place, since the lowest unoccupied energy level of D+A− is too
high in energy. Therefore, the electron transfer is energetically likely only when the DA pair
attains the geometry 𝑞 ∗, where the highest occupied electronic level of DA and the lowest
unoccupied electronic level of D+A− are degenerate. At reasonably short distances, the electron
transfer occurs via tunneling through the potential energy barrier.

Figure 7 The Gibbs energy surfaces of DA and D+A−. The displacement coordinate (q) corresponds to the changing
geometries of the system. Three regimes by Marcus are presented: (a) the normal region, (b) the situation where the
magnitude of driving force (ΔG0) becomes the same as the reorganization energy (λ), and (c) the inverted region.
Different nuclear configurations (𝑞0𝑅 , 𝑞 ∗ and 𝑞0𝑃 ) as well as the Gibbs energy of activation (ΔG*) are also denoted.
66
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The variation of ln(𝑘𝐸𝑇 ) versus 𝛥𝐺0 is an inverted parabola (Figure 8).48, 64, 67 In the normal
region (−𝛥𝐺0 < 𝜆) the electron transfer rate increases with increasing driving force. When the
magnitude of the driving force is the same as the reorganization energy (−𝛥𝐺0 ~𝜆), the electron
transfer rate reaches its maximum and no activation energy is needed for electron transfer
(𝛥𝐺 ∗ = 0). Beyond this (−𝛥𝐺0 > 𝜆), increase in the driving force results in slowing down of
the electron transfer rate, because the Gibbs energy of activation (𝛥𝐺 ∗ ), i.e., barrier of the
reaction, increases as −𝛥𝐺0 becomes larger than 𝜆. This highly exergonic region is generally
referred to as an inverted region. The existence of the inverted region was only confirmed
experimentally for the first time by Miller et al.63, 68 in 1984. The inverted region is especially
important in charge separation processes in photosynthesis, since without the inverted region,
no long lived charge separated states would be obtained.64

normal

inverted

ln(kET)

−ΔG0
Figure 8 Dependence of the electron transfer rates on ΔG0.

48, 67

Generally, electron transfer, as well as electronic coupling, can take place through space,
solvent, and bonds.69 Through-space electron transfer may occur only at very short distances, in
cases when there is a direct orbital overlap between the donor and acceptor. 70 Electron transfer
through a medium (e.g., bond, solvent) enables electron transfer to occur over long distances.
Long range electron transfer may involve the ‘hopping mechanism’ or the ‘superexchange
mechanism’.71-73 The former is an incoherent, stepwise process, taking place when the bridge
orbitals are similar in energy to the orbitals of donor and acceptor (e.g., highly conjugated
systems). This mechanism is also called an electron transport mechanism, since the electron is
somewhat localized within the bridge. In contrast, the superexchange mechanism is a coherent
process; the orbital energies of the bridge orbitals are very different from those of the donor and
acceptor. The bridge (or media) facilitates the electron transfer, but the bridge orbitals are not
directly involved in the electron transfer process.
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Electron transfer rates decay exponentially as the distance between the donor and acceptor
increases, according to
𝑘𝐸𝑇 = 𝑘0 ∙ exp[−𝛽(𝑟 − 𝑟0 )],

(12)

where 𝑘0 is the largest rate constant, i.e., the rate constant at van der Waals contact distance 𝑟0 ;
𝑟 is the donor-acceptor separation distance; and 𝛽 is the so-called attenuation factor or damping
factor.69, 70 The latter (𝛽) is a bridge- or medium-specific parameter and should be as low as
possible to facilitate the charge transfer.65,

74

For instance, if the donor and acceptor are

separated by vacuum, the interaction (through space) is small and 𝛽 varies from 2.0 to 5.0 Å.65
In solvent medium (through solvent coupling), such as benzene (𝛽 ≈ 1),75 the interaction
becomes higher. Typical values in protein structures range from 1.0 Å to 1.4 Å.65 With saturated
hydrocarbon bridges 𝛽 values from 0.5 to 0.8 are obtained,75 while attenuation factors as low as
0.01-0.04 Å-1 have been reported for π-conjugated bridges.65 An attenuation factor of 0.11 Å-1,
for hydrogen bonding mediated electron transfer was reported recently for the first time.74
The recent studies by Guldi and co-workers demonstrate that control over attenuation factors
and reorganization energies, as well as electronic and electron-vibration couplings, enables
tuning of electron transport from 3.5 Å up to 50 Å distances.65 The nature of the electron
transfer (through-space/through-bond) will be later pointed out as some artificial donor-acceptor
systems will be presented in the forthcoming Chapter 3.

2.4.3 Formation of excimers/exciplexes
The excited donor (D*) molecule and the adjacent ground state acceptor (A) molecule can
form an excited complex.50 In such a case, the interaction between the donor and the acceptor in
the interacting pair is strong, and the resulting pair (DA)* is called an ‘exciplex’, i.e., excited
complex.46 In the case of two identical molecules, this excited complex is called an ‘excimer’,
i.e., excited dimer. To obtain excimers and exciplexes, the two molecules must have some
overlap between their π-orbitals, and hence, the excitation energy is delocalized over the two
moieties. The molecular orbital splitting during excimer/exciplex formation decreases the
energy gap (Figure 9), and therefore, the complex emits fluorescence at a longer wavelength.50
Excimers and exciplexes are also described as weak charge transfer complexes resulting from
charge redistribution between the excited molecule and the ground state molecule.
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Figure 9 Molecular orbital splitting during excimer formation (M=molecule). The symbol (*) denotes an excited
50
state.

2.5

Reactivity of chlorophylls

The inspection of chlorophylls in sections 2.2 and 2.3 revealed that optical and redox
properties of these heteroaromatic compounds are ruled by aromaticity and functional
alterations in the macrocyclic framework. The very same structural factors dictate the reactivity
of chlorophylls. The most extensive review of the chemistry of Chl derivatives, namely,
concentrating on the modifications, has been published by Hynninen.16 Another important
review summarizing progress in the field of Chl chemistry has been provided by Senge and coworkers.76
As heteroaromatic compounds, tetrapyrroles can undergo substitution reactions that are
typical for aromatic rings. The reactivities and regioselectivities of porphyrins and chlorins
towards electrophilic, nucleophilic, and radical additions have been examined through
experimental studies and theoretical predictions.16,

77

To explain regioselectivities, Fuhrhop

performed theoretical inspection using Fukui’s frontier molecular orbital (FMO) theory.77 In
conjugated molecules, the atom with the the largest numerical value of the atomic orbital
coefficient is the most reactive site. Therefore, in the HOMO, the site having the largest orbital
coefficient will be the most reactive towards an electrophile. Correspondingly, the atom with the
largest atomic orbital coefficient in the LUMO is most readily attacked by a nucleophile.
Fuhrhop’s results predict that in porphyrins, the methine bridges, i.e., meso, are the most
reactive in both electrophilic and nucleophilic substitutions.77 However, the reactivities of the
free meso and beta positions can be altered by structural modifications (e.g., functionalizations
of the periphery, metallation/demetallation and protonation/deprotonation of the tetrapyrrolic
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cavity).16,

77

For instance, electron-donating substituents, i.e., substituents increasing electron

density in the HOMO of the aromatic π-system, will activate the meso positions and deactivate
the beta positions towards electrophilic attack; while electron-withdrawing substituents have the
opposite effect. This also explains the regioselectivity of electrophilic aromatic substitution in
chlorins, where electrophilic reactions preferentially take place at C-15 and C-20, the meso
positions closest to the reduced pyrrole ring.16, 78
Being amphiprotic compounds, the tetrapyrroles with core nitrogen atoms are prone to acidbase reactions.16 A free-base tetrapyrrole possessing two hydrogens in the cavity is a neutral
form that can be deprotonated under basic conditions to yield a monoanion or dianion,
respectively. It can also accept protons at the nitrogen lone pairs. Theoretically, up to 6 protons
can be accepted in the cavity without affecting the aromaticity, since the nitrogen lone pairs are
not part of the delocalization pathway. However, so far only the monoanion, the dianion, the
monocation and the dication have been experimentally detected. This has been explained by the
influence of steric factors and the need to maintain planarity in the π-conjugated macrocycle.16
However, higher protonation steps may still take place in highly-substituted tetrapyrroles in
which steric strain between bulky substituents causes distortion of the macrocycle.
The Mg2+ ion coordinated to core nitrogen lone pairs is relatively loosely bound and can be
easily replaced by two protons in dilute acidic media to give a free-base derivative.16 On the
other hand, several other metal cations such as Ag2+, Cd2+, Co2+, Cu2+, Hg2+, Mn2+, Pb2+, and
Zn2+ can be inserted to the chlorin ring.16, 76 Most commonly, Zn2+ is utilized, since it forms
more stable complexes than Mg2+ and possesses very similar redox and excited state properties
when compared to Mg2+ complexes.15, 79 Both Mg2+ and Zn2+ are easily coordinated by a variety
of ligands. Indeed, the coordination chemistry of Mg2+ and Zn2+ chlorins is very essential in
supramolecular chemistry of chlorophylls – Chapter 3.
The side chain functionalities of Chls can be modified to achieve desired properties or
derivatized by other molecules. The ester functionalities at C-173 and C-132 can be saponified or
transesterified.76 For instance, the phytyl ester at C-173 of pheophytin a (Phe a – Figure 1), is
commonly transesterified in acidic media to give methyl pheophorbide a (Methyl Pheo a, 1 –
Figure 10). The resulting methyl ester group serves as a convenient functional group for further
derivatization.
Notably, the β-ketoester functionality in the isocyclic ring E is susceptible to enolization.16
For instance, in methyl Pheo a (1) (Figure 10), the presence of two electron withdrawing
carbonyl functions as well as its position in relation to the aromatic chlorin ring (benzylic like)
makes the proton at C-132 relatively acidic. The deprotonation of the C-132 position gives a
conjugate base that is well stabilized by resonance (Figure 11). Hence, in all polar organic
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solvents there is equilibrium between keto and enol forms which results in epimerization of C132. Additionally, the enolizable β-ketoester system is vulnerable to oxidative degradation, i.e.,
allomerization reactions, in the presence of triplet oxygen.16 Consequently, the pheophorbide
(Methyl Pheo a, 1) derivative is often demethoxycarbonylated, in other words, pyrolized, into a
pyro-pheophorbide derivative (Methyl PyroPheo a, 2 – Figure 10) to achieve higher stability
(also, see Chapter 5 and Figure 43).16, 80

Figure 10 Chlorophyll derivatives: methyl pheophorbide a (Methyl Pheo a, 1) and methyl pyro-pheophorbide a
(Methyl PyroPheo a, 2).

Figure 11 Deprotonation at 132-H position resulting in epimerization of compound 1.

Depending on the chlorophyll derivative, variable functional groups can be present. The
vinyl group of Chl a can be oxidized or reduced, and it also undergoes addition and elimination
reactions.16 In acidic media the vinyl group can also react as an extension of the conjugated
system resulting in rearrangement to give a porphyrin. The carbonyl groups, e.g., 131-carbonyl,
as well as other additional carbonyl functionalities possibly present in the macrocycle, e.g., the
formyl group at C-71 in Chl b, serve as prospective sites for functionalization.
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Chlorophylls can be oxidized chemically, electrochemically, or photochemically to give
radical cations.16 As discussed earlier in Section 2.3, chlorophylls are known to undergo
intersystem crossing to the triplet state from the photoexcited singlet state. In the presence of
oxygen, the excitation energy of the triplet state is transferred to triplet oxygen (3O2) resulting in
formation of short lived but highly reactive singlet oxygen (1O2).81 Therefore, chlorophylls as
photosensitizers are prone to photooxygenation. The photosensitization capability, that is, the
ability to transfer energy to another molecule, makes chlorophyll derivatives also potential
compounds to be employed in photodynamic therapy (PDT).
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3 Supramolecular self-assembly of chlorophylls, their
derivatives, and related tetrapyrroles
Supramolecular chemistry is often described as ‘chemistry beyond the molecule’, and can be
defined as: “The study of systems involving aggregates of molecules or ions held together by
noncovalent interactions, such as electrostatic interactions, hydrogen bonding, dispersion
interactions and solvophobic effects.”82 A process by which supramolecular species form
spontaneously from their components is called self-assemby. Molecular self-assembly is a key
concept in supramolecular chemistry. Two types of self-assembly can be denoted:
intermolecular and intramolecular self-assembly. The latter is commonly named as folding.83
Natural chlorophylls and their derivatives are prone to self-assemble. In section 3.1, a
structure of (B)Chl is explored from a supramolecular point of view: the most important
noncovalent binding sites and their types of interactions are identified.
The properties of isolated chlorophylls differ significantly from those in natural
environments. In photosynthetic systems, the supramolecular environment plays an important
role; the excited state and electrochemical properties of (B)Chls not only depend on the
molecular structure itself, but are also highly dependent on the prevailing environment and the
mutual distances and orientations of the pigment molecules. In a natural biological environment,
pigments are organized generally via pigment-protein and pigment-pigment interactions.
Section 3.2 will illustrate the relevance of supramolecular interactions in formation of highly
organized chlorophyll self-assemblies, oligomers and aggregates in their natural environments.
Most importantly, the adaption of (B)Chls for different roles is highlighted; for instance,
chlorophylls perform light-harvesting and energy transfer in antenna complexes but they are
also capable of electron transfer at a reaction centre.
Several biomimetic photosynthetic structures and materials made from chlorophyll
derivatives are based on Chls own tendency to form self-assembled structures. Moreover,
additional noncovalently interacting groups can be introduced to the tetrapyrrolic macrocycle to
achieve supramolecular ensembles. In section 3.3 several functional self-assemblies based on
chlorophylls, their derivatives, or related tetrapyrroles are presented.

27

Chapter 3. Supramolecular self-assembly of chlorophylls and related tetrapyrroles

3.1 Supramolecular binding sites in natural chlorophylls
The coordination chemistry of the central metal in chlorophylls and bacteriochlorophylls is
of great importance in formation of supramolecular self-assemblies in both natural
environments (Section 3.2) and in artificial structures (Section 3.3). The central metal Mg2+ with
four coordinated nitrogen donors has a coordination number of 4 and is coordinatively
unsaturated.84-86 The electron deficiency makes Mg electrophilic toward nucleophilic groups
(e.g., nitrogen, oxygen) and thus chlorophylls with Mg as a central metal are always penta- or
hexacoordinated, possessing coordinated ligands on one or both axial positions of the Mg atom,
respectively (Figure 12). In coordinative solvents, such as water, alcohols, ethers and carbonyl
groups containing solvents, the Mg atom of chlorophyll has one axial ligand. However, in more
basic nucleophilic solvents, like pyridine, Mg is coordinated by two solvent molecules resulting
in a hexacoordinated state. As a matter of fact, chlorophyll with Mg as the central metal never
occurs in tetracoordinate form; even after drying, water or some other solvent molecule is
tightly ligated or alternatively Mg is coordinated by a nucleophilic group of another chlorophyll
molecule. In a biological protein environment, typical ligands are electron-donating groups of
different amino acid residues; or other chlorophylls; or water molecules (Section 3.2). In most
solvents, as in biological systems, the Mg atom in Chls occurs mainly in pentacoordinated form.

Figure 12 Coordination alternatives of chlorophyll to axial ligands (L) to form 5-coordinated and 6-coordinated
85
14
state. Notations α and β (IUPAC-IUB) are generally used to designate the position of ligation.

Magnesium is a little too large to fit in the macrocyclic cavity and thus gives squarepyramidal coordination, where Mg is situated about 0.3 Å out of the plane.87 However, in
hexacoordinated chlorophylls the Mg atom is squeezed in the cavity, which also results in
lengthening of the axial bond of the ligand, from 2.1 Å to 2.25 Å.87 The groups of Balaban88 and
Tamiaki89 independently pointed out the diastereotopic ligation of the Mg atom in chlorophylls.
In the pentacoordinated state, the axial ligand can be positioned on either side of the
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diastereotopic chlorin plane. Notations α/β (Figure 12) are used to designate the positioning of
the axial ligand in accordance with the IUPAC-IUB nomenclature.14, 90 In solution, the exchange
between diastereomers is too rapid to be distinguished. However, the crystal structures of
biological (bacterio)chlorophyll – protein structures have shown α-ligation to be favored over βligation.85,

88-91

preferable.

89, 90

Molecular modeling has also indicated that α-ligation is thermodynamically

Oba and Tamiaki have studied the effect of the 132-methoxycarbonyl functionality on the
positioning of ligand coordination.89 Interestingly, the removal of the 132-methoxycarbonyl
group to give a pyro-derivative results in energetically equal α and β coordinated diastereomers.
Additionally, the stereochemical inversion of the 132-(R)-position to give a 132-(S)-epimer
makes β-ligation energetically more favorable. The authors claim that the presence of 132methoxycarbonyl may direct coordination in a through-bond manner. The variation of other
peripheral substituents has practically no influence on the face of ligation.90
In comparison, chlorophylls possessing Zn(II) as a central metal occur as tetracoordinated
without axial ligands or pentacoordinated with one axial ligand, while hexacoordinated Zn
chlorin derivatives have not been observed.85 In pentacoordinated Zn-Chls, the stereochemistry
of the 132-methoxycarbonyl moiety has a similar effect on the α/β ratio as described for MgChls.89, 90
Depending on the derivative, (B)Chls itself may contain variable functional groups (e.g.,
hydroxyl, carbonyl) in the periphery of macrocycle that are susceptible to coordinate the central
metal.84 The relative nucleophilic strengths of the electron donating groups determine which
group is most likely to coordinate the central metal. In addition to coordinative interactions, the
very same groups are prone to hydrogen bonding: a peripheral group possessing an
electronegative atom (e.g., 131-oxo), can act as a hydrogen bond acceptor, whereas another
group containing a proton covalently attached to an electronegative atom (e.g., 31-hydroxy) can
act as a hydrogen bond donor.
The large aromatic tetrapyrroles are prone to aromatic π-π interactions, which are often
present in combination with other interactions. The typical separation distance in porphyrin π-π
stacks is 3.4-3.6 Å.92 In additition, the hydrophopic hydrocarbon chain appears to be important
in organization of Chls through hydrophopic interactions.15 The π-π stacking interactions, as
well as hydrophopic interactions between the hydrocarbon chains, will be discussed in later
chapters with reference to spesific examples (Sections 3.2 and 3.3).
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3.2 Functional chlorophyll - self-assemblies in their natural
environment
The structures of photosynthetic systems vary depending on the species; but in general,
photosynthesis in all organisms that utilize chlorophyll or bacteriochlorophyll pigments in solar
energy conversion consists of the following steps:15, 93
1)

Light capture by light-harvesting or antenna pigments

2)

Funneling the excitation energy to the reaction centre

3)

Excitation of the special pair and subsequent charge separation

4)

Charge separation initiates a chain of electron transfer reactions generating an
electrochemical proton gradient across the membrane

The main features of the structures responsible for these vital events of photosynthesis will be
presented in the following sections.

3.2.1 Light-harvesting pigment – protein architectures
The light-harvesting complexes (LHC) e.g., in green plants, algae and purple bacteria are
important units of the photosystems that surround the reaction centres.93 They consist of precise
arrangements of chromophore molecules attached to the protein scaffold. Their function is to
collect the energy of light and funnel the excitation energy to the reaction centre. Different
modes of excitation energy transfer have been observed in LHCs, depending on the transitiondipole coupling between the chlorophyll pigments93: the hopping mechanism (very weak
coupling, Förster), the intermediate coupling mechanism (weak coupling), and the coherent
exciton motion (strong coupling) (see Section 2.4.1.)
With regard to structure, the purple bacteria typically have highly ordered cylindrical LHCs,
while higher plants have LHCs with much lower symmetry.93 As illustrative examples, Figures
13 and 14 represent the structures of light-harvesting complexes from purple bacterium
Rhodopseudomonas acidophila94, 95 and from spinach,96 determined by X-ray crystallography. In
the LH-II of Rhodopseudomonas acidophila, the pigment protein complex comprises of 27
BChls a aligned into two circles having carotenoids in the vicinity.94 In the inner circle, 18
BChls a are oriented perpendicular to the plane of the membrane, whereas the outer circle
consists of 9 BChls a which are arranged parallel to the plane of the membrane.97 Noticeably,
the outer ring BChl a, called B800, has its Qy absorption band at 800 nm, whereas the inner ring
BChl a, called B850, has its Qy band at 850 nm.97 The different optical properties result from
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Figure 13 The structure of the light-harvesting antenna complex (LH-II) from the purple bacterium
95
Rhodopseudomonas acidophila. Structures with and without proteins are shown on left and right, respectively. The
LH-II complex consists of oligomers of short peptides (nine α-apoproteins and nine β-apoproteins; each α-apoprotein
contains 53 amino acids, and the β-apoprotein 41) with 27 Bchls a and 9 carotenoids. The protein structure is
represented as a grey ribbon, whereas BChls are colored with green and carotenoids with yellow. The BChl phytyl
chains and lipids are omitted. Protein Data Bank identification code, PDB ID code = 1NKZ. The figure was produced
with Accelrys Software Inc., Discovery Studio Modelling Environment, Release 4.0, San Diego, Accelrys Software,
2013.

96

Figure 14 The structure of Spinach major light-harvesting complex (LHC-II). Structures with and without proteins
are shown on left and right, respectively. The basic structural and functional unit of LHC-II is a trimer in which every
monomeric unit consists of a polypeptide with 232 amino acids, 14 Chls (8 Chl a and 6 Chl b) and 4 carotenoids. The
protein structure is represented as a grey ribbon, whereas Chls are colored with green and carotenoids with yellow.
The chlorophyll phytyl chains and lipids are omitted. Protein Data Bank identification code, PDB ID code = 1RWT.
The figure was produced with Accelrys Software Inc., Discovery Studio Modelling Environment, Release 4.0, San
Diego, Accelrys Software, 2013.
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the differences in the environment and interchromophoric distances of the BChl rings and
enables efficient excitation energy transfer from B800* to the red-shifted B850. In comparison,
the LHC-II of Spinach is a trimeric complex.96 Each polypeptide monomer possesses 8 Chl a
and 6 Chl b molecules, as well as 4 carotenoids. In the LHC-II of spinach, the excitation energy
transfer from (Chl b)* to Chl a has been proposed to take place by the Förster mechanism.98
Orientations of the pigments are determined by interactions with the protein. Three types of
interactions can be distinguished: central metal coordination, hydrogen bonding interactions,
and hydrophopic interactions.99 In the natural assemblies, the Mg of the tetrapyrrolic pigment is
frequently coordinated by an amino acid containing nitrogen (e.g., imidazole of histidine
residue) or oxygen (e.g., OH group of serine). In section 3.1, it was revealed that α-coordination
is favored over β-coordination in the Chl–protein structures. Although β-coordinated Chls are
uncommon, they do exist and preferentially occupy positions around the reaction centre.88, 91, 100
Balaban and coworkers have pointed out that β-coordinated Chls are often encountered in
dimeric structures, where two Chls are in close excitonic interaction. 91,

100

The authors

concluded that these β-coordinated dimers, which absorb light at longer wavelengths, can
potentially work as energetic traps that pass the excitation energy directly to the reaction centre
special pair.

3.2.2 Self-assembled chlorosomal antenna aggregates
Green sulphur bacteria are able to survive in extremely low-light environments and are still
able to use light for photosynthesis.101 These bacteria have the largest and the most efficient
light-harvesting architectures known, called chlorosomes (Figure 15). The shape of chlorosome
is ellipsoidal (typically 100 – 200 nm in length, 30 – 70 nm in width) and is composed mainly
of bacteriochlorophylls (varying amounts of BChls c, d, e, depending on the species) and minor
amounts of other pigments (BChl a, carotenoids, quinones). The efficiency of these chlorosomal
bacteriochlorophylls resides in their exceptional structure: in contrast to photosynthetic green
plants, a large number of BChl molecules (~ 105)102 are organized without protein guidance by
self-assembly into densely packed oligomers and/or aggregates in which the pigment density is
the highest of all known light-harvesting antennae in nature.103 The highly organized structure
enables strong excitonic coupling between the pigment molecules and fast energy transfer to the
reaction centre. The chlorosome vesicle itself is bound to the inner side of the cytoplasmic
membrane via a baseplate which consists of CsmA protein dimers, each containing one BChl a
and carotenoids.103 The reaction centre lies under baseplate and is embedded inside the
cytoplasmic membrane.
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Figure 15 Schematic model of chlorosome with bacteriochlorophyll aggregates.

103

Yet, the supramolecular arrangement of the pigment molecules in chlorosomes is still
unsolved in the absence of conclusive X-ray crystallographic evidence.104 For a long time, it has
been known that BChls isolated from chlorosomes spontaneously form oligomers or aggregates
in nonpolar solvents with similar optical properties to those of chlorosomes in vivo.101, 105-107 The
self-assembly of BChls in chlorosomes is mainly enabled by coordinative interactions,
hydrogen bonding and π–π stacking.104 Several structural remarks can be outlined from
chlorosomal BChls: they possess characteristically a central magnesium atom as well as 31hydroxy and 131-oxo groups, which are crucial for self-aggregation. Another feature is the lack
of methoxycarbonyl substituent at the 132-position, contrary to the other chlorophyll pigments.
In the past, several supramolecular structures have been proposed for chlorosomal chlorophyll
aggregates and these models have been reviewed in detail.108 It is widely accepted that
assembling in BChl aggregates results from coordination of the central magnesium atom to 31OH which simultaneously binds via hydrogen bonding to the 131-keto group of the third chlorin
(Figure 16a and b).104, 108-114 The aggregation has been strongly supported by biochemical115 as
well as spectroscopic evidence, including resonance raman,109, 110 circular dichroism,110, 111, 116
FT-IR,112 solid state NMR spectroscopy,113, 114 and molecular modelling.117 The hydrophopic tail
of the 17-propionate residue has both stabilizing and directing effects in formation of
supramolecular BChl-structures.118 The type of functionality at C-173 often varies depending on
the photosynthetic species. The hydrophopic chain makes BChl pigments somewhat
amphiphilic having hydrophilic 31-hydroxy, 131-oxo and Mg functionalities on the chlorin and a
hydrophobic chain attached to the macrocycle.
The freeze-fracture electron microscopy studies of chlorosomes have supported the idea that
BChl pigments are organized into tubular rod-like elements.117, 119-121 In rod structures, pigments
have been proposed to form parallel oriented stacks109,
oriented chains (Figure 16b).

122-124

112-114, 117

(Figure 16a) or antiparallel

The terms parallel and antiparallel refer to the relative

orientation of monomeric Qy transition dipole vectors (y-polarized transition, Section 2.3,
Figure 3). The parallel model is constructed from monomeric units, whereas the antiparallel
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104

Figure 16 BChl c aggregates self-assembled according to a) parallel stack model and b) antiparallel chain model
102, 106
103, 125
consisting of ‘piggyback dimers’.
c) Schematic presentations of possible antenna structures.
From left to
right: rod, lamella, and multilayered cylindrical. The arrows represent the orientation of Q y transtition dipole vectors.
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model has a so called ‘piggyback dimer’ as a building block.102,

106, 125, 126

Notably, these

assembling models, parallel and antiparallel, are the two major models presented in the
literature.121
Deviating from rod-shaped organization, Pšenčík et al.102,

127

presented cryoelectron

microscopy (cryo-EM) images and small angle X-ray scattering (SAXS) spectra revealing
lamellar pigment organization in chlorosomes (Figure 16c). The curved lamellas, one on the
other, are oriented almost parallel with the long axis of the chlorosome being ~20 Å apart. For
the pigment configuration, the authors proposed an antiparallel orientation where the piggyback
dimer chains interact via π-π interactions to form curved lamellas in chlorosomes. Recently,
Oostergetel and coworkers also performed cryo-EM studies of chlorosomes revealing
multilayered cylindrical structures (also called rolled sheet or Archimedean spiral, Figure 16c)
of variable diameters (10-30 nm) with curved lamella structures in between.128-130
Although the exact structure of chlorosomes is still open to question, their energy transfer
efficiency is undeniable. The central feature of these highly organized biological antenna
structures is that they operate collectively to transport the excitation energy to the reaction
centre.15 BChl aggregates have a slipped arrangement and they are able to absorb and emit light
at longer wavelengths.104 Such aggregates are referred to as J-aggregates or Scheibe aggregates.
Another important and noteworthy point is that concentration quenching, the problem often
encountered in artificially prepared Chl aggregates, does not operate in chlorosomes.131 This is a
phenomenon whereby a molecule quenches its own fluorescence at high concentration.15,
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After photoexcitation, the excitation energy is transferred between the pigments until it is
quenched at an aggregate trap in which the excitation relaxes rapidly via internal conversion to
the ground state and heat is released.

3.2.3 The Photosynthetic reaction centre
The photosynthetic reaction centre (RC) is responsible for trapping the energy harvested by
the antenna pigments. The x-ray structure analysis of the photosynthetic reaction centre from
the purple bacterium Rhodopseudomonas viridis provides structural details of the membrane
protein containing 14 cofactors.133, 134 The spatial arrangement of these cofactors is presented in
Figure 17. The protein subunits are omitted for clarity. Uppermost, four hemes (Fe2+porphyrins) are situated in a linear arrangement. Beneath them is the primary electron donor that
consists of two closely interacting bacteriochlorophylls, (BChl)2, the so called ‘special pair’
(SP), the starting point for a light driven electron transfer reactions across the membrane. Other
cofactors are the accessory pigments (bacteriochlorophylls, BChls), the primary electron
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134

Figure 17 Chromophore arrangements in the bacterial reaction centre of Rhodopseudomonas viridis. Protein Data
Bank identification code, PDB ID code = 1PRC. The figure was produced with Accelrys Software Inc., Discovery
Studio Modelling Environment, Release 4.0, San Diego, Accelrys Software, 2013.
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acceptors (bacteriopheophytins, BPhe), the carotenoid, the two quinones (menaquinone, QA, and
ubiquinone, QB), and the non-heme iron between the quinones.
Once again, one should note that the geometry of the RC is highly important, as the electron
transfer events depend essentially on the relative distances and orientations of the donors and
acceptors (Section 2.4.2). Regarding the geometry of the special pair, it is almost C2-symmetric.
The strong excitonic interaction between the two BChls in the special pair enables a red-shift in
its absorption, therefore providing an energy gap that makes the energy transfer from the
antenna to the reaction centre possible.135 In the primary electron transfer event an electron is
transferred with a time constant of ~3 ps, from the excited special pair (BChl) 2* to the primary
electron acceptor, BPhe, resulting in an oxidized special pair radical cation, (BChl)2•+, and a
reduced BPhe•− radical anion.133 The electron transfer is active only on the other branch of the
reaction centre. Subsequently, an electron is transfered from BPhe•− to QA with a time constant
of ~200 ps, and then to QB in a time of ~100 μs. At this point, the electron has crossed the
photosynthetic membrane into the cytoplasmic side of the membrane. The ubiquinone QB can
accept two electrons and, consequently, two protons, giving a species of QBH2 that dissociates
from the RC. The resulting empty space is refilled by another QB present in the membrane. The
electrons and protons on QBH2 are transferred through the membrane by the cytochrome b/c1
complex to the RC’s cytochrome complex (with the four hemes), which locates on the
periplasmic side of the membrane. The oxidized (BChl)2•+ is reduced back to the neutral species
(BChl)2 by the cytochrome. In summary, the whole process is a cyclic electron flow, resulting in
a proton gradient across the membrane that is employed in the synthesis of adenosine
triphosphate (ATP), the energy source of the cell.
Deeper inspection of the special pair reveals that the Qy transition dipole vectors of the BChl
monomers are oriented antiparallel (the angle of the vectors is ~180°) in relation to each other.
This property, as well as a suitable distance between the Qy transition moments, is known to
assure an ideal red-shift in the Qy transition band.135 A second observation is that the two BChls
have π-π overlap between the pyrrole A subrings. This interaction enables strong interaction
between the HOMOs of the two monomeric components creating two ‘supermolecular orbitals’
with equal contributions from each of the monomeric units.84,

135

Therefore, removal of an

electron from the supermolecular HOMO of the special pair affords a radical cation with an
unpaired electron delocalized equally over both macrocycles. This feature enables fast and
efficient charge separation, while the reverse pathway, that is, charge recombination, becomes
inevitably slower.
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Another important aspect to which attention should be paid is the nature of the primary
electron transfer event. A through-space electron transfer mechanism is surely out of the
question, since it would require a shorter distance, that is, direct orbital overlap, between the
donor and acceptor (Section 2.4.2). The most popular proposed mechanism for the primary
electron transfer event is the superexchange mechanism in which the states of the accessory
BChl mediate (enhance) the interaction between the special pair and primary acceptor. 136 The
aromatic amino acids may have a role in other electron transfer reactions. However, the orbitals
of the accessory BChl are much lower in energy than those of the aromatic amino acids. The
accessory BChl has therefore been proposed to be involved in the primary event.136

3.3 Artificial assemblies
The direct mimicry of chlorophyll–protein structures in artificial light-harvesting devices
remains challenging. Nevertheless, there are numerous ways to construct biomimetic
nanostructures without the applying protein framework so that mutual distances and orientations
of the chromophores can be controlled to reach their desired function. Supramolecular
chemistry is a useful tool in mimicking nature’s functional architectures. Commonly the ideas in
design of artificial assemblies arise from natural models and utilize the same interactions that
already exist in natural environment.
The next sections will focus on biomimetic assemblies constructed from chlorophyll
derivatives. Also systems of some important Chl analogues (e.g., porphyrins, phthalocyanines),
are included where they are relevant in construction of the corresponding chlorin assemblies.
The main purpose is to describe the existing tools in construction of supramolecular systems
capable of energy or electron transfer. The most commonly utilized noncovalent interactions in
supramolecular tetrapyrrole frameworks are coordinative interactions and hydrogen bonding
interactions, but weaker interactions such as π-π, π-H stacking, dipole-dipole and Van der Waals
forces are also employed, frequently in variable combinations with other noncovalent
interactions. Section 3.3.1 focus on assemblies for light-harvesting and energy transfer. In
section 3.3.2, the emphasis is on the reaction centre mimicry, i.e., systems performing electron
transfer.
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3.3.1 Supramolecular antenna structures
Section 3.3.1.1 presents the structures that mimic the supramolecular frameworks found in
chlorosomal aggregates. Section 3.3.1.2 illustrates functionalizations with different binding
modes that can be used in constructing a variety of energy transferring tetrapyrrole-based
assemblies – the ones most commonly employed are, for instance, metal-ligand axial
coordination, multipoint hydrogen bonding, ion-paired hydrogen bonding and π-π interactions.
3.3.1.1

Mimicry of chlorosomal aggregates

When preparing biomimetic chlorin assemblies similar to chlorosomal BChl aggregates,
chlorin is dissolved in a solubilizing solvent (such as DCM or THF). This is followed by
dilution with a large excess of nonpolar solvent (e.g., n-hexane) to initiate spontaneous
formation of self-assembled oligomers or higher aggregates.104, 137 Whether the equilibrium is
toward the aggregated or the monomeric species depends on the aggregation ability of the
pigment.138 The steric and stereochemical control are central factors that affect on the formation
and supramolecular structure of the aggregate.112, 139
The groups of Tamiaki104, 137-148 and Balaban104, 141, 149 have extensively modified chlorins to
study the effect of peripheral substitution on aggregation (Figure 18 and Table 1). The so called
‘model compound’, Zn-31-hydroxy-131-oxo derivative 3, as named by Tamiaki and co-workers,
possesses almost identical properties to chlorosomal aggregates – a red-shifted Qy absorption
band (~740 nm) with 2.1-fold larger width in comparison to the monomeric form (~647 nm).137,
140, 147

Analogous derivatives possessing secondary (epimers (31R)-4 and (31S)-4)141-143 and

tertiary (5)143 31-hydroxy groups have been synthesized. The separate (31R)-4 epimer selfaggregates in nonpolar media into oligomers with a red-shifted Qy band at 703 nm, whereas the
(31S)-2 epimer shows a less red-shifted Qy band at 698 nm. Steric crowding around the 31-OH
group evidently has impact on self-assembly which is reflected in a smaller red-shift of the Qy
band in compounds (31R)-4 and (31S)-4 in comparison to 3. The stereochemistry of the 31-OH
group also has an influence on aggregation, indicating that the self-assembly is
diastereoselective.104, 141 Notably, the zinc chlorin 5 self-aggregates into oligomers with a Qy
band maximum at 704 nm indicating that an additional methyl group (sec-OH → tert-OH) does
not further prevent aggregation.143
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Figure 18 Zinc chlorins possessing hydroxyl (blue) and oxo (red) groups in varying positions.
Table 1 The Qy absorption maxima λ (nm) of synthetic Zn chlorin monomers, dimers and aggregates. The change in
Qy absorption band is denoted as ΔQy (nm). The most stable species (dimer vs. oligomer/aggregate) is highlighted
bold.
λ
Compound
ΔQyc
Aggregation solution
Ref
monomer
dimer
oligomer/aggregate
137, 140,
647a
740
93
1% THF–hexane
3
147

(R)-4
(S)-4
5
(R)-6
(S)-6
(R)-7
(S)-7
(R/S)-8 (1:1)
(R)-8
(S)-8
(R)-9
(S)-9
(R)-10
(S)-10
11
12
13
14
15

b

648
648b
648b
648b
648b
647a
648a
653b
653b
653b
643a
643a
643a
643a
651a
642a
636a
644a
644a

703-705
55-57
141-143
1% CH2Cl2–cyclohexane/hexane
698-700
50-25
143
704
56
1% CH2Cl2–hexane
653
33
681
139
1% CH2Cl2–hexane
707
59
695/674
703
56
144
0.02% Triton X-100/water
719
71
678
85
738
149
678
56
1% CH2Cl2–hexane
709
709
56
678
146
710
67
674
1% CH2Cl2–hexane
NO
708
65
NO
NO
0
146
1% CH2Cl2–hexane
NO
NO
0
147
712
61
1% CH2Cl2–hexane
148
655
13
0.1% THF–hexane
148
NO
NO
0
0.1% THF–hexane
138
701
57
1% THF–hexane
NO
0
1% THF–hexane
138
702
58
0.1% THF–hexane
a
Monomer in THF. b Monomer in DCM. c The ΔQy value for monomer vs. oligomer/aggregate. NO = not observed
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The effect of a long octadecyl chain (C18H37) around the interactive 31-OH group was
investigated.139 Again, separate epimers (R)-6 and (S)-6 (Figure 18) were studied to examine the
stereochemical effect. The absorption spectrum of aggregated Zn chlorin (R)-6 showed a Qy
band at 681 nm arising from aggregated species and an additional small Qy band absorption at
653 nm (Table 1). The authors proposed that the small absorption band at 653 nm arises from a
parallel-oriented dimeric species in which the Zn central metal of one chlorin is coordinated by
a 31-OH group of the second chlorin. A further linear arrangement consisting of several chlorins
on top of each other gives rise to an oligomeric chain aggregate in which a Qy band appears at
681 nm. Formation of larger parallel stacked aggregates (Figure 16) is prevented since the long
C18H37 chain at the 31-position disturbs hydrogen bonding of the 31-OH group with the keto
carbonyl group of the neighboring chlorin.
In comparison, the (S)-6 epimer showed a remarkably more red-shifted Qy band at 707 nm
and a residual monomeric band at 645 nm immediately after preparation. Considerable changes
were observed in the absorption spectrum of aggregated (S)-6 after 2 days standing in solution
resulting in new aggregated species with two Qy bands at 695 and 674 nm. A small monomeric
Qy at 645 nm was also observed, but decreased while standing in solution forming finally the
stable aggregated species. It was proposed that the supramolecular structure of meta-stable
aggregate absorbing at 707 nm resembled the parallel stack aggregate. However, the octadecyl
chain results in distortion which makes 132-C=O∙∙∙OH∙∙∙Zn interaction relatively loose and
monomeric species are released from the aggregate. At the same time, monomers are slowly
dimerized irreversibly into closed antiparallel dimers (piggyback dimers).
Tamiaki et al.144 studied the effect of steric factors around the 131-oxo group. An oligomeric
Qy band of the 132-methoxycarbonyl derivative (R)-7 appears at 703 nm, whereas for the (S)-7epimer the Qy band is more red-shifted (719 nm) (Figure 18 and Table 1). Thus, self-assembly
does take place despite the presence of the bulky 132-methoxycarbonyl group, although it is not
as beneficial as with model compound 3. The limitations in the ways of association may be the
reason why chlorosomal chlorophylls often lack the 132-methoxycarbonyl group. Again, the
study supports the notion that the self-assembly is diastereoselective as different epimers give
different Qy absorption values in their aggregated states.
The relative arrangements of hydroxyl and carbonyl groups have been synthetically changed
to study the aggregation behavior. Zinc chlorins possessing keto-hydroxyl groups in inverse
positions, in other words Zn-31-oxo-131-hydroxy derivatives, aggregate readily and possess
similar absorption red shifts to their inverted analogues.145, 146, 149 Notably, removal of any group
promoting supramolecular interaction (Zn, hydroxy or keto group) prevents aggregation.145, 149
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Upon aggregation, the epimeric mixture of (R/S)-8 (Figure 18) affords a strongly red shifted Qy
band at 738 nm (Table 1) which is attributed to parallel stacking of Chls.149 The absorption
spectra of separate epimers (R)-8 and (S)-8 under identical conditions reveals the most dominant
red-shifted Qy band at 709 nm (oligomer) or 678 nm (dimer), depending on the stereochemistry.
In comparison, the 31-methylated (R)-9 (Figure 18) showed a red-shifted Qy band at 674 nm
(dimer, trimer or tetramer) and minor species at 643 nm (monomer) and 710 nm (oligomer)
immediately after preparation (Table 1).146 After standing in solution for one hour, the
energetically more stable species absorbing at 674 nm was left. The epimer (S)-9 gave a stable
larger aggregate with a Qy band at 708 nm immediately after preparation. The epimers (R/S)-10
(Figure 18) possessing sterically hindered tertiary 131-OH did not form aggregates.
The aggregated Zn-71-hydroxy-131-oxo-chlorin (11) (Figure 18) possesses a red-shifted Qy
absorption band at 712 nm resulting from simultaneous coordination (C71-OH∙∙∙Zn) and
hydrogen bonding (C71-OH∙∙∙O=C131).147 The relatively smaller red shift of 11 (651 to 712 nm,
Δ=61 nm) in comparison to model compound 3 (from 647 to 740 nm, Δ=93) (Table 1) results
from nonlinear alignment of aggregated species of 11. Indeed, the Qy transition dipole moments
between the two nearest Chls differ by approximately 60° which results in a weaker exciton
splitting compared to aggregates where Chls possess parallel orientation.147 Zn-81-hydroxy-131oxo-chlorin (12) (Figure 18) self-aggregates in nonpolar environments, but shows only a 13 nm
red shift (Table 1) due to either non-specific or weak interactions.148 Notably, 12 is unable to
form parallel oriented aggregates due to unfavorable positions of peripheral interacting groups.
Moreover, zinc-3-acetyl-81-hydroxy-chlorin (13) (Figure 18) is not capable of any aggregation
because rotation of C3-C31 prevents interaction with other interacting moieties.148 In summary,
the studies demonstrate that linear arrangement of interacting groups is necessary to achieve
ordered aggregates.
The effect of the distance between the interacting OH group and chlorin moiety has also
been investigated.138 As the spacer between the C-3 position and the hydroxyl group is
increased (3→14→15, Figure 18), conformational flexibility is increased, which results in
weaker aggregation tendency. In 1% THF-hexane, approximately 20% of 14 remained in
monomeric form (644 nm) and 80% as aggregate (701 nm) (Table 1), which was estimated from
the absorption spectrum. In identical conditions, 15 (Figure 18) remained solely in monomeric
form; its aggregated species (702 nm) was not observed until more nonpolar conditions were
used (0.1% THF-hexane) (Table 1).
In natural BChls, plenty of variation occurs in substituents at the 7- and 8-positions on the Bring depending on the environment. Tamiaki has published a comprehensive review where the
effects of several functional groups in the ring B have been examined.150 In summary: the
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functionalizations in ring B do not appear to disturb the self-aggregation but do affect their
absorption bands.
Tamiaki and co-workers have covalently linked the model compound 3 to a free-base
bacteriochlorin that absorbs light at longer wavelength (755 nm).151 The resulting covalent
dimer was incorporated into an aggregate of 3 consisting of approximately 50-100 zinc chlorins.
Fluorescence spectroscopic studies showed that the fluorescence of the aggregate was quenched
by 50% in the presence of the dimer, while a new broad emission appeared at 820 nm arising
from the bacteriochlorin chromophore. The observation strongly supports the mechanism of
intrasupramolecular energy transfer from singlet-excited Zn chlorin aggregate to the
bacteriochlorin.
Several zinc porphyrins possessing interactive hydroxy and oxo groups in various positions,
namely Zn-31-hydroxy-121/131-oxo-porphyrins 16 and 17152 and Zn-31/51-hydroxy-131/151/171oxo-porphyrins 18-23,153,

154

have been synthesized and their aggregation behavior has been

studied (Figure 19). To increase solubility, Balaban and co-workers derivatized porphyrins with
two 3,5-di-tert-butylphenyl groups.131,

153-156

As in the case of analogous chlorin derivatives,

Tamiaki and co-workers initially concluded that the interactive groups must locate collinearly
with the Zn central metal in a molecule to achieve aggregation in hydroxyl-oxo-porphyrins.152
Later, Balaban et al.153 noted that compounds possessing interacting groups in an angular
arrangement also readily self-aggregate, resulting in helical suprastructures as deduced by
circular dichroism (CD) spectroscopic studies; but the overlap of porphyrin π-planes turned out
to be less. Thus, the optical properties and π-overlap of the formed assemblies can be adapted
by varying the positions of hydroxyl and oxo groups.153
Inspiringly, Balaban et al.131, 154 pointed out that fluorescence was not quenched in porphyrin
aggregates, although concentration quenching is commonly encountered in aggregated dyes

Figure 19 Zinc porphyrins with hydroxyl and oxo groups in varying positions.
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(Section 3.2.2). In the case of chiral compounds 18, 19, 20 and 22, self-assembly was observed
to be more favoured with the racemates than with the separated enantiomers.131, 155
The 51-hydroxy-151-oxo-porphyrin derivative 22 possessing collinearly interacting groups
was successfully crystallized revealing extended stacks of Zn porphyrins – Figure 20.155
Surprisingly, the Zn central atom is hexacoordinated and possesses a strongly-coordinated
hydroxyl oxygen of a second porphyrin on one side of the porphyrin plane, whereas the acetyl
oxygen of a third porphyrin is weakly coordinating from the other side. The π-π stacking
interactions between the porphyrin planes and hydrophopic interactions between the bulky 3,5di-tert-butylphenyl groups further promote formation of the stacked structure.

Figure 20 Stacks of 22 as evidenced by the X-ray structure.

155

Antenna aggregates can be also mimicked by utilizing other binding modes. Zinc dioxochlorins and dioxo-porphyrins, that are lacking the crucial hydroxy group, have been shown to
form aggregates.157 Self-assembly occurs in the presence of water molecules that crosslink
pigments into self-assembled structure via Zn metal coordination of water molecule. This
simultaneously forms double hydrogen bonds to neighboring tetrapyrroles that possess carbonyl
groups as hydrogen bond acceptors. As another example, amino-functionalized Zn chlorins can
also form self-assembled aggregates.158
The aggregates of simple chlorins, such as the model compound 3 presented above (Figure
18), possess poor solubility and are prone to form clusters with undefined structures and varying
sizes.159, 160 As mentioned in the earlier sections 3.1 and 3.2, the 17-propionate residues of native
BChls are often functionalized by variable types of hydrocarbon chains, which strictly have a
central role in formation of highly-organized aggregates. A wide spectrum of synthetic Zn
chlorins posessing different esterified hydrophopic or hydrophilic chains and dendrons have
been reported as models for natural BChls.118, 159-173 In particular, the structural and solubilizing
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role of the esterifying substituent in formation of supramolecular oligomers and aggregates has
been the subject of extensive investigation. As a result, diverse models comprising of welldefined shapes and sizes − stacks, single and multilayered tubes and lamellar structures − have
been obtained.
In order to form organized aggregate structures Würthner and co-workers have derivatized
chlorins at the 173-position with variable side-chains, resulting in self-assembled rods,159-167
stacks159,

160, 167, 168, 172

and other ordered nanostructures.160,

169, 170

These captivating

supramolecular structures possess excellent solubilities. Zn-31-hydroxy-131-oxo-chlorins,
having hydrophopic functionalizations at C-173, self-assemble into nanorods in hydrophopic
solution.161,

162

The tubular structure consists of parallel stacked chlorins (interactions 131-

CO∙∙∙H-O∙∙∙Zn) with hydrophopic chains oriented outside as illustrated in Figure 21a.
Corresponding

nanorods

are

also

obtained

in

aqueous

media

using

hydrophilic

oligo(ethyleneglycol) chains.163 Additionally, Zn-31-hydroxy-131-oxo-chlorins bearing olefinic
chains have been prepared and self-assembled into nanorods.164 These nanorods were further
stabilized and rigidified by an olefin metathesis reaction, resulting in stable nanorods that
tolerated even polar solvents and elevated temperatures. Würthner and co-workers have also
constructed biomimetic light-harvesting rod-antenna system based on Zn-31-hydroxy-131-oxochlorin with covalently-appended naphthalene bisimide (NBI) dyes which are located around
the periphery of the rod.159,

160, 165, 166

The presence of NBI units enables the system to also

absorb in the green region of the solar spectrum. Additionally, the NBI units successfully
transfer energy via the FRET mechanism to the inner Zn chlorins upon photoexcitation, as
revealed by time-resolved spectroscopy studies.
The self-assembly of Zn chlorin derivatives possessing a 31-methoxy group instead of 31hydroxy has been investigated.172,

173

Zn-31-methoxy-131-oxo-chlorin possessing hydrophopic

dodecyl chains self-assembles into stacked structures instead of rods by π-π stacking and
coordination of the methoxy group to the Zn central metal (Figure 21b), as supported by UVVis and CD spectroscopy, scanning tunneling microscopy (STM) and atomic force microscopy
(AFM) measurements.167,

172

Well-ordered π-stacks are formed on a highly-ordered pyrolytic

graphite (HOPG) surface, as revealed by STM and AFM images.
Notably, derivatization of the C-173 position by dendron wedges with different sizes has a
marked influence of the organization of pigments on a surface. Depending on the size of the
dendron wedge, self-assemblies with lamellar or cyclic arrangements are obtained.160, 169, 170
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160-

Figure 21 Schematic presentations of (a) tubular (rod) organization of Zn-31-hydroxy-131-oxo-chlorin derivatives,
162
160, 172
and of (b) lamellar organization of Zn-31-methoxy-131-oxo-chlorin derivatives.
In both (a) and (b), chlorins
possess hydrophopic functionalization at 17-propionate residue.

Recently, Tamiaki et al.118 have shown that biomimetic rod aggregates can be constructed
from a relatively simple compound possessing oligomethylene chain esterified at the 171propionate residue. Also, Psencik and co-workers studied self-assembly of several BChls
esterified with methyl, butyl and octyl at the C-173 position in comparison to BChl c, which has
farnesyl at the C-173 position.171 As shown by X-ray scattering, butyl-, octyl- and farnesylfunctionalized BChls all form curved lamellar structures, driven by hydrophopic interactions
linking esterifying alcohols between the neighboring layers. The authors observed that the
lamellar spacing is proportional to the length of the esterifying alcohol. The aggregated methyl
derivative did not form lamellar structures.
In addition to the above-described 173-derivatized zinc chlorins, a wide variety of other
functionalities, such as crown ethers,174 reverse esters (172-CH2OCO-),175 multi-perfluoroalkyl
chains,176 anionic sulfonates,177 and cationic quaternary ammonium groups177 have been
introduced at the C-173 position and the aggregation of the compounds has been investigated.
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3.3.1.2

Other light-harvesting supramolecular assemblies

The well-established affinity of different metallo-tetrapyrroles for appropriate ligands,
analogous to protein side-chain nucleophiles, is widely utilized in constructing biomimetic
assemblies. Herein, the basic tools are described using chosen examples to illustrate how such
assemblies can be obtained. For a wider view of the coordination chemistry involved in building
supramolecular tetrapyrrolic light-harvesting assemblies, the reviews by Latos-Grażyński,178
Kobuke79 and Beletskaya179 and co-workers are recommended. The focus of this section is on
systems consisting of Zn/Mg chlorins or porphyrins, since they possess long excited state
lifetimes, and hence are frequently used as components in artificial photosynthetic systems.79
The most employed central metal (either Zn or Mg) coordinating ligands are nitrogen
based.179 Kobuke et al.79 have comprehensively gathered a series of nitrogen-containing ligands
in their review, including several aromatic and aliphatic amines, and compared their affinities
with Zn porphyrins. The electron-donating ability of the ligand, in other words its basicity,
increases the association constant, since the nitrogen atom is exclusively a σ-donor. Secondly,
steric effects have an important impact which can dramatically alter the binding affinity.
Pyridine and imidazole derivatives are perhaps the most extensively used ligands in existing
supramolecular arrays, in which metal-ligand axial coordination to metallo-tetrapyrrole enables
the formation of the assembly. The association constants of pyridine derivatives towards Zn
porphyrins are usually between 101 − 104 M-1 depending on the substituents on pyridine.79
Imidazole is a stronger base than pyridine; the association constant is generally ~104 M-1.
There are a variety of strategies for constructing oligomeric assemblies from chlorophylls
utilizing metal-ligand axial coordination. One approach only requires mixing of a separate
multidentate ligand and a metallated chlorin in a proper medium to create a supramolecular
assembly.79, 178, 179 In such cases, the multidentate ligand works as an intermolecular bridge that
connects pigments to each other. Bifunctional ligands, e.g., dioxane,180,
bipyridine,183-185 1,4-diazabicyclo[2.2.2]octane (DABCO),182,

185-189

181

pyrazine,182 4,4’-

as well as many others,190

can cross-link metallotetrapyrroles to form a dimeric structure or, if the metal is capable of 6fold coordination, a polymeric species, e.g., (–L–Chl–L–Chl–)n, may be formed.84
An example of a tritopic tripyridyl ligand (25) assembled with a butadiyne-linked Zn-pyropheophorbide a dimer (24) is presented in Figure 22.191 Photoexcitation of the formed prismatic
assembly resulted in Förster resonance energy transfer between the dimers with an energy
transfer time of 157 ps. The energy transfer time was dependent on the length of the 3-fold
symmetric ligand arms. For instance, the corresponding prismatic assembly with
triethynylpyridylbenzene ligands possessed an energy transfer time of only 10 ps.
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Figure 22 Self-assembly of Zn-pyro-pheophorbide a dimers with tritopic tripyridyl ligand. Energy transfer between
191
the dimers is depicted.

Numata et al.185 recently presented a structurally fascinating molecular machine consisting of
a semi-artificial helical polysaccharide with peripheral Zn chlorin units, in which coordination
and dissociation of variable ligands (pyridine, DABCO, Bipy, DPE, PVP) leads to contraction
and expansion of the helical structure of the main chain. In the absence of any ligands, Zn
chlorin units strongly interact via π-π stacking and the helix adopts a contracted structure.
Addition of ligand results in elongation of the helical structure; the degree of elongation is
regulated by the length of the ligand.
The last example in the class of multidentate ligands is a polymer bearing central-metalcoordinating ligands in its framework. The greatest advantage in the pigment−polymer
assemblies is that pigment molecules can be assumed to be uniformly distributed in the matrix.
Consequently, the distances between the pigments can be varied by changing their
concentrations in the polymer. This certainly provides that no aggregation is taking place.
Poly(4-vinylpyridine) (P4VP) is a useful scaffold for metallated tetrapyrroles.192-195 A long time
ago, Seely studied energy transfer in chlorophyll−P4VP assemblies in solution.192-194 However,
supramolecular tetrapyrrole-polymer assemblies had not been studied in the solid state until
very recently: Krishnamoorthy et al.195 prepared Zn porphyrin−P4VP thin films for field effect
transistors. Moreover, the recent studies by our group and our collaborators have revealed that
Förster resonance energy transfer is taking place between the Zn chlorins in solid state Zn
chlorin−P4VP films (section 5.1 and II).
In an alternative approach, the periphery of the chlorin (or porphyrin) is functionalized by a
coordinating ligand.79,

178, 179

The presence of an electrophilic group (metal atom) and a

nucleophilic group (the donor atom attached to the macrocycle) in the molecule results in selfcomplementary binding without the need for other ligands. In general, supramolecular
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assemblies with large association constants have been achieved by complementary binding. 79
Tetrapyrroles appended with coordinating ligands may self-assemble into complementary
dimers, trimers, tetramers, boxes or further assemblies.79, 178, 179, 196-199
Inspired by cyclic arrays found in natural light-harvesting structures Wasielewski and coworkers have shown that a rigid attachment of either m-pyridyl or p-pyridyl ligand at the C-20position of Zn-pyro-pheophorbide a methyl ester enables formation of a cyclic trimer 28200 and
a tetramer 30,201 respectively (Figure 23). The time constants for energy transfer between the
adjacent chromophores are 11 ps and 1.3 ps within the trimer and tetramer, respectively. The
authors concluded that shorter pigment-to-pigment distances within the tetramer (rDA=9.6 Å) in
comparison to the trimer (rDA=14.6 Å) result in smaller time constants, as energy transfer is
distance dependent.200 Additionally, the different geometries most likely have an effect, since
energy transfer also depends on the relative orientations of transition dipole vectors.

Figure 23 Self-assembly of (a) m-pyridyl functionalized chlorin derivative into a trimer,
201
functionalized chlorin derivative into a tetramer.
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Recently, Otsuki and co-workers presented self-assembled structures of a Zn-pyropheophorbide a derivative which has a p-pyridyl ligand at the C-32-position.202 This derivative
self-assembled into a cyclic tetramer in chloroform solution, whereas double stranded helical
coordination polymers were obtained in the solid state. The latter is a good example of a
situation in which the asymmetry of the chlorophyll derivative enables formation of highlyordered chiral assembly.
When the coordination angle of the peripheral nitrogen ligand is approximately at 90° to the
plane of the Zn tetrapyrrole, complementary dimerization is preferred.79 Kobuke and co-workers
have synthesized several 2-imidazolyl substituted porphyrins affording complementary dimers
with a slipped face-to-face stacking geometry and a high self-association constant (>1011 M-1).79,
197

The dimer motif has been utilized widely in building porphyrin polymers and cyclic arrays –

representative examples are shown in Figure 24.
Finally, several examples exist in the literature where metal ligand axial coordination has
been employed in controlling the conformation of covalently-linked porphyrin oligomers,
resulting in circular and planar assemblies and ladder complexes where adjacent porphyrins are
all arranged in planar conformations relative to each other.187, 203-205 In such assemblies, addition
of the multitopic ligand prevents rotation between linked porphyrin subunits, which
significantly affects the excited state dynamics, subsequent pathways and their rates.205
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Figure 24 Supramolecular assemblies of variable 2-imidazolyl functionalized Zn porphyrins: (a) complementary
79
197
79
dimerization (b) complementary coordination polymer, and (c) cyclic array.
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As already mentioned in earlier sections, utilization of Chl’s inherent property to form
hydrogen bonds is essential in construction of light-harvesting assemblies. In addition, the
periphery of the tetrapyrrolic macrocycle can be further functionalized by hydrogen bonding
moieties that are capable of forming multiple hydrogen bonds in a self-complementary fashion.
In particular, several porphyrin self-assemblies based on hydrogen bonding between carboxylic
acid functionalities206-210 or Watson-Crick type nucleotide base pairing211-216 have been reported
– representative examples are shown in Figure 25.
Direct interactions between hydrogen bond donors (D) and acceptors (A) are called primary
hydrogen bond interactions.82 However in multipoint hydrogen bonding motifs secondary
electrostatic interactions have to be considered: these are the interactions between the
neighboring groups, and can be either attractive or repulsive depending on the partial charge of
the adjacent atom. Hence, they play a significant role in the stability (association constant) of
the array.82, 217 For instance, the trend in stability in triple hydrogen-bonded arrays follows the
order ADA-DAD < ADD-DAA < AAA-DDD.218 A triple hydrogen-bonded array having all the
hydrogen bond donor groups in one partner and all acceptors in the other gives strongest
binding, since all the interactions between adjacent hydrogen bond pairs are attractive.
However, the advantage of the ADD-DAA interaction is that it gives a definite, directional
pairing, while in AAA-DDD and ADA-DAD pairs, two types of binding modes are possible.
Sessler’s porphyrin assembly 35 based on Watson-Crick type base pairing (Figure 25b) was
studied by time-resolved spectrosopic studies, revealing energy transfer, after photoexcitation,
from the light-energy harvesting Zn porphyrins to the free-base porphyrin.213, 216 Energy transfer
was found to occur rapidly from both the excited singlet and triplet states. The energy transfer
from the excited singlet state occurred via the Förster mechanism, with a time constant of 9 ∙ 108
s-1, while the triplet-triplet energy transfer, occurring via the Dexter mechanism, had a time
constant of 1 ∙ 106 s-1. It was suggested that the triplet energy transfer occured through the
hydrogen bonded interface. The association constant for quanosine-to-cytidine association was
22 000 ± 2000 M-1 in CD2Cl2, as determined from 1H NMR titrations.
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209

Figure 25 Hydrogen bonding porphyrin assemblies based on (a) carboxylic acid functionality and (b) Watson213
Crick type nucleotide base pairing. Secondary electrostatic interactions indicated by two headed arrows in (b):
attractive (blue) and repulsive (red).
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In addition to conventional hydrogen bonds, ion-paired hydrogen bonding interactions can
be employed.219-224 Another simple method employed to prepare large tetrapyrrolic assemblies
in aqueous media includes a combination of pure electrostatic interactions and hydrophopic
interactions.221, 225, 226 Otsuki and co-workers have prepared a supramolecular porphyrin dyad 36
(Figure 26a), as well as a pentad, in which porphyrin units are linked to each other through
amidinium-carboxylate salt bridges consisting of complementary double hydrogen bonds and
electrostatic interactions.219 The steady-state and time-resolved fluorescence measurements
showed fast singlet-singlet energy transfer from Zn porphyrin to the free-base porphyrin
occurring via a through-bond mechanism: the intermolecular ion-paired hydrogen bonding
interaction facilitates the energy transfer process. The energy transfer rates (time constants: 4.0 ∙
109 s-1 for the dyad and 1.2 ∙ 1010 s-1 for the pentad) are too fast to be explained by the Förster
mechanism, which means that further studies on these systems are needed to clarify the
mechanism of the fast singlet-singlet energy transfer.219

Figure 26 (a) Supramolecular porphyrin dyad formed through ion-paired hydrogen bonding interactions.
220, 222
Formation of helical supramolecular structure from achilar zwitterionic porphyrins by rotary evaporation.
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One facinating example of combining electrostatic and hydrogen bonding interactions was
presented by Ribó and co-workers.220,

222

Achiral zwitterionic porphyrin 37 was shown to J-

aggregate through anionic sulfonato groups and the positively charged porphyrin rings
assembled into helical structures (38) by rotary evaporation − Figure 26b. Depending on the
direction of rotation, either clockwise or anticlockwise helical assemblies were obtained. The
study shows that simple stirring can lead to chiral selection.
Finally, π−π interactions between the aromatic tetrapyrroles can result in oligomeric
assemblies.187,

227-230

Porphyrins prefer to stack above one another in an offset geometry, in

which a center of one pophyrin is placed above a pyrrole of the other (Figure 27).187,

227-229

Attraction between the electronegative π cloud and electropositive σ framework (π−σ attraction)
occurs rather than face-to-face, in which macrocycles are placed perfectly on top of each other
(π−π repulsion). Aromatic interactions are preferred if there are no bulky groups in the
periphery of the macrocycle and especially in extended π conjugated systems, for instance in
linear porphyrin oligomers.187 Also, π-conjugated porphyrin polymer nanorings have been
shown to form stacked columns.230 In general, tetrapyrroles that are either covalently or
noncovalently linked into close proximity are prone to stacking interactions.

Figure 27 The offset geometry of porphyrin-porphyrin stacks.
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3.3.2 The reaction centre mimicry
The photosynthetic reaction centres of natural organisms have inspired several research
groups to design and develop artificial systems that are capable of photoinduced electron
transfer. The following sections will mainly focus on supramolecular electron donor-acceptor
assemblies in which the tetrapyrrolic pigment is acting as an electron donor and fullerene C60 as
electron acceptor. Fullerenes (e.g., C60, C70) have good electron accepting properties and they
possess small reorganization energy in electron transfer reactions.74, 231 Although chlorophylls
are generally employed as electron donors in biomimetic systems, some artificial models exist
where the chlorophyll derivative plays an electron accepting role.
The very same noncovalent interactions presented in earlier sections, namely metal-ligand
axial coordination, complementary hydrogen bonding and electrostatic interactions, π-π
interactions, and combinations of these interactions are often employed in building electron
donor – acceptor hybrids. Some chosen examples are presented in the following section.
Moreover, the possibility to use different type of supramolecular binding motifs, such as
rotaxanes, catenanes, crown ethers, cryptands, and inclusion compounds, is pointed out.
Section 3.3.2.1 gives examples of systems where a monomeric chlorin or porphyrin is acting
as a donor (‘non-special pair’ type donor-acceptor assemblies). Section 3.3.2.2 will focus on
models where a biomimetic ‘special pair’, that is, a closely assembled dimeric chlorin or other
tetrapyrrole, is employed as the electron donating unity.
3.3.2.1

‘Non-special pair’ type donor-acceptor assemblies

Complementary hydrogen bonding interactions,206,

232-234

and especially those based on

Watson-Crick nucleotide base pairing,235-237 are utilized frequently to connect tetrapyrroles to
electron acceptors. It has been shown that electron transfer through hydrogen bonding interfaces
is facilitated in comparison to σ- or π-bonded donor-acceptor conjugates.206, 238 As a matter of
fact, the beneficial effect of hydrogen bonds often results in longer lived charge separated states
in comparison to related covalently linked donor-acceptor systems.238 However, in donoracceptor assemblies with flexible hydrogen bonding spacers, it is often difficult to establish
whether through-bond electron transfer or through-space electron transfer is operating.232
D’Souza et al.232 designed a donor-acceptor conjugate 39 in which a Hamilton type twopoint hydrogen bonding motif results in a relatively fixed and long distance (19.6 Å, center-tocenter) between donor and acceptor (Figure 28), which enables through-bond electron transfer
to occur. The analysis according to the Benesi-Hildebrand method239 gave a binding constant of
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4.4 ∙ 103 M-1 in o-dichlorobenzene for the supramolecular conjugate.232 Time-resolved emission
and absorption studies revealed photoinduced charge separation (time constant kcs = 1.4 ∙ 109 s-1,
which corresponds to τcs ~ 0.7 ns) in the dyad. The exact value of the rate constant for charge
recombination could not be determined due to overlap of the fullerene radical anion transient
absorption with triplet bands of the porphyrin. However, the lifetime of the fullerene anion
transient absorption band at 1000 nm extended to the 20-30 μs time range, suggesting a
relatively long lived charge-separated state.

Figure 28 Zn porphyrin-fullerene conjugate held by a Hamilton type hydrogen bonding motif.

232

Guldi and co-workers have discovered strong electronic communication in a porphyrin-C60
assembly 40 connected through linear two-point amidinium-carboxylate ion paired hydrogen
bonding – Figure 29.238 Formation of the 1:1 species was confirmed by 1H NMR titration, UVVis and fluorescence studies. Association constants as high as 2.1 ∙ 107 M-1 in toluene and 1.3 ∙
105 M-1 in THF were obtained from fluorescence quenching studies. Transient absorption
studies supported formation of the charge separated species with a lifetime of ~ 10 μs in THF.
The exceptionally long-lived charge-separated state indicates that the ion-paired hydrogen
bonding interface enables a controlled through-bond mediated electron transfer with long-range

Figure 29 Zn porphyrin-fullerene assembly connected through amidium-carboxylate interface.
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coupling between the donor and acceptor.238 Supramolecular donor-acceptor assemblies, where
porphyrins are assembled with fullerene or single-walled nanotubes (SWNT) via pure
electrostatic interactions, have also been reported.240-243
Numerous donor-acceptor systems mediated by axial coordination of a ligand functionalized
fullerene to the metallotetrapyrrole have been developed.243-256 As a representative example,
D’Souza and co-workers performed a systematic study of donor-acceptor systems composed of
o-, m-, p-pyridyl and N-phenyl imidazole functionalized pyrrolidino[60]fullerenes axially
ligated to Zn tetraphenylporphyrin (ZnTPP) – Figure 30.253 Binding constants of 7732 and 7659
M-1 were measured for the m- and p-pyridyl appended pyrrolidino[60]fullerenes, respectively,
whereas in the case of the sterically hindered o-pyridyl derivative, no appreciable binding was
observed. The highest binding constant, 11 609 M-1, was achieved with the most basic
imidazole derivative. Time-resolved studies were performed showing charge recombination
lifetimes of <10 ns in o-dichlorobenzene for the dyads.

Figure 30 Self-assembling of ZnTPP with (a) p-pyridyl and (b) N-phenyl imidazole functionalized
253
pyrrolidino[60]fullerene via metal-ligand axial coordination.

Porphyrins spontaneously interact with large aromatic and curved surface of fullerenes.2, 179,
257-259

The association of fullerene and porphyrin was firstly noted by Boyd, Reed and co-

workers in the solid state crystal structures of covalent fullerene-porphyrin conjugate.260, 260 The
distance between the free-base porphyrin and C60 was 2.75 Å, which is less than separations
observed for typical π-π interactions.257,

260

The shortening of the distance arises from

combination of two interactions: in addition to π-π interaction, there is attraction between the
electropositive center of the porphyrin and the electron rich 6:6 ring-juncture bond of the
fullerene.
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A stronger binding between porphyrins and fullerenes has been achieved by covalent linking
of two or more porphyrins to give assemblies where porphyrin moieties are interacting with the
fullerene surface – Figure 31.261-264 Acyclic porphyrin dimers (43), “Jaws prophyrins”, were
designed by Boyd, Reed and co-workers.261, 262 Aida et al.258, 263, 264 presented the first cyclic
dimers of metallo porphyrins (44) that form inclusion complexes with C60 and C70. A binding
constant for cyclic Zn porphyrin dimer-C60 complexation (1:1) was determined to be 6.7 ∙ 105
M-1. Just recently, Tani and coworkers presented phenothiazine-bridged cyclic porphyrin dimers
as high-affinity hosts for fullerenes.265 The reported association constants of the dimer with
either C60 or C70 were 3.9 ± 0.7 ∙ 106 M-1 and 7.4 ± 0.8 ∙ 107 M-1, respectively. Additionally, the
cyclic porphyrin dimers self-assembled into a nanotube through hydrogen bonging and π-π
interactions of the peripheral groups. The fullerenes, C60, were arranged linearly in the nanotube
channel.

Figure 31 (a) ”Jaws porphyrin” host for C60,

261, 262

and (b) cyclic porphyrin dimer as a host for C60.

258, 263, 264

The utilization of the two-point binding strategy results in donor-acceptor conjugates possessing
well-defined intermolecular distances and orientations. Several two-point bound porphyrinfullerene self-assemblies have been obtained, for instance, by combining metal-ligand axial
coordination with π-π stacking interactions243,

266-268

or axial coordination with hydrogen

bonding interactions.243, 245, 269, 270 D’Souza and co-workers have shown that nicotine binds to a
face-symmetric Zn porphyrin acid derivative via two-point binding, which involves axial
coordination of the nicotine pyridine to the central metal of porphyrin and acid-base interaction
of the carboxylic acid of the porphyrin with the pyrrolidine nitrogen of nicotine.271 Encouraged
by this finding, Kavakka and co-workers recently showed that nicotine binds to asymmetric Znpyro-pheophorbide a β-face selectively via two-point binding.272,
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metal axial ligation is achieved through simultaneous acid-base interaction in which a βpropionic acid functionality interacts with a pyrrolidine nitrogen. As an extension of the study,
this two-point binding was employed to bind supramolecular electron accepting fulleronicotine
β-face selectively to a Zn-pyro-pheophorbide a electron donor – 45 in Figure 32.274 The
evidence for 1:1 interaction was supported by UV-Vis and fluorescence titration experiments as
well as NMR and DFT studies. Benesi-Hildebrandt analysis239 of the fluorescence quenching
gave a binding constant of 5.9 ∙ 104 M-1 for the assembly. Transient absorption spectroscopy
studies showed photoinduced charge separation (0.5 ps) and charge recombination (> 1 ns) in
the donor-acceptor dyad.

Figure 32 Two point Zn-pyro-pheophorbide a – fulleronicotine dyad formed via metal-ligand axial coordination and
274
acid-base interaction.

Crown ethers, macrocyclic polyethers based on repeating -CH2CH2O- units, preferentially
serve as hosts for various cationic groups such as metal ions or ammonium and substituted
ammonium (aminium) ions.275, 276 The size of the crown ether determines which ions it will
bind. For instance 18-crown-6 has an estimated cavity diameter of 2.6 − 3.2 Å276 and thus the
K+ ion with a diameter of 2.66 Å276 feasibly fits in its cavity (log K = 6.08).82 The binding to K+
is based on ion-dipole interactions, whereas the interaction with ammonium ions is based on
charge-assisted hydrogen bonding [N+−H∙∙∙O]. The effective interaction between crown ethers
and aminium ions has been employed in supramolecular porphyrin-fullerene assemblies,
frequently in combination with other supramolecular interactions, such as metal-ligand axial
coordination277-279 or π-π stacking,280,

281

to obtain two-point binding. Nierengarten and co-

workers reported a supramolecular complex of crown ether functionalized porphyrin and a
methanofullerene derivative bearing an aminium cation functionality, 46 − Figure 33.280, 281 In
addition to crown ether complexation, π-π stacking interactions were observed between the
porphyrin and fullerene, which resulted in an unusually high binding constant of 375 000 M-1,
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Figure 33 Two-point bound porphyrin–fullerene dyad formed via crown ether-aminium binding and π-π stacking
280, 281
interactions.

whereas a binding constant of 2100 M-1 was measured for the benzo-18-crown-6 reference in
the absence of porphyrin.
D’Souza and co-workers have presented several two-point bound porphyrin-fullerene
conjugates formed via axial-coordination and aminium-crown ether complexation.243, 277, 278 We
have recently employed this well-established two-point binding strategy in order to study the
effect of mutual positioning between Zn chlorin and pyrrolidino[60]fullerene on photoinduced
charge separation.11 Two Zn chlorins (47 and 48), possessing aza-[18]crown-6 functionalities in
alternating positions, and three pyrrolidino[60]fullerenes (49-51) with alkyl aminium and
varying coordinative moieties (m-pyridyl, p-pyridyl, and 3-furanyl) were synthesized (Figure
34).

Figure 34 Zn chlorins with aza-[18]crown-6 functionalities at C-173 and C-133 positions (47 and 48) and
pyrrolidino[60]fullerenes with varying coordinative unit (49, 50 and 51) employed in constructing supramolecular
11
dyads via two-point binding.
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Steady-state absorption and fluorescence measurements indicated supramolecular interaction
in all the studied dyads. The fluorescence measurements showed efficient fluorescence
quenching in all the dyads, with the most efficient quenching (80%) in the case of 48@49 –
Figure 35. The latter dyad also had the highest association constant, 4.6 ∙ 105 M-1 in odichlorobenzene (ODCB), while the values for other dyads varied from 103 – 104 M-1. Timeresolved spectroscopic studies suggested fast charge separation in the dyads, with charge
separation lifetimes (τcs) varying from 0.3−7 ps (in o-dichlorobenzene) depending on the dyad.
The recombination times varied from 55 to 187 ps in o-dichlorobenzene and from 14 to 60 ps in
benzonitrile.

Figure 35 Two-point bound Zn chlorin−fullerene dyad formed via metal-ligand axial coordination and crown ether11
aminium binding.

The TPSS-D3/def2-TZVP//def2-SVP geometry optimized structures of the varying
supramolecular Zn chlorin−fullerene dyads revealed that the two-point binding of Zn chlorins
and fullerenes results in donor-acceptor dyads with well-defined intermolecular distances and
orientations. The computations also indicated that the distances, i.e., chlorin−fullerene center-tocenter and edge-to-edge spacings, are varied depending on the pyrrolidino[60]fullerene
enantiomer used. Moreover, pyrrolidino[60]fullerene enantiomers showed significant energetic
differences in complex formation with diastereomeric chlorin counterparts. In the case of a
racemic mixture of pyrrolidino[60]fullerene (R/S = 1:1) it was therefore obvious that this
enantiomer, which has energetically lower binding energy, dominates in complex formation if
an excess of racemic mixture is present.
The electron transfer was shown to be strongly dependent on the distance, but also on the
mutual orientation of donor and acceptor. For instance, on one hand, the dyad 48@49 had the
shortest-lived charge-separated state, 55 ps in ODCB. On the other hand, the center-to-center
distance was shown to be the smallest, 8.6 Å, in the dyad 48@S-49 (with S-fullerene
enantiomer), which is also energetically more favoured in comparison to 48@R-49 (with R-
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fullerene enantiomer) with relative energy difference −3.49 kcal/mol. Since a 3 equiv excess of
racemic pyrrolidino[60]fullerene was employed in time-resolved transient absorption
measurements, the dominating complex was expected to be the energetically more stable 48@S49, with the shortest center-to-center distance. As far as the mutual orientation is concerned,
when compared to previously reported covalent chlorin-fullerene dyad,282 the covalent dyad
possesses a shorter edge-to-edge distance than our two-point bound supramolecular dyads.11
Still, the electronic coupling between donor and acceptor seems to be stronger in two-point
bound dyads. The reason for this is presumably that, in our dyads, the two-point binding locate
the fullerene on top of the chlorin macrocycle; while in the afore-mentioned covalent-linked
dyad the fullerene is located in the peripheral part of the macrocycle.
Another dyad, to be mentioned separately, is 48@50, which gave the longest chargeseparated state lifetime of 187 ps in ODCB. In the case of 48@50, the energetically most
favoured dyad was 48@R-50 with an R-fullerene enantiomer, having a relatively long edge-toedge distance, RE-E = 6.3 Å, and center-to-center distance, RC-C = 9.6 Å. In comparison, for the
previously mentioned 48@S-49 these distances were RE-E = 3.5 Å and RC-C = 8.6 Å,
respectively. The edge-to-edge distance is thus 2.8 Å longer in 48@R-50 than in 48@S-49. This
observation correlates well with the lifetimes of the charge separated states, as the lifetimes are
known to increase with increasing distance, and suggests an attenunation factor of 0.44 Å for
the distance dependence.
In addition to monocyclic crown ethers, bicycles and cycles of higher order called cryptands
can accommodate guest molecules.19 Additionally, there are a number of examples of other
three-dimensional host-molecules with guest inclusion capabilities, such as cyclodextrins and
calixarenes, that can be used in construction of donor-acceptor assemblies.283-286 In such
constructs, the recognition of the guest molecule by the inclusion compound is based on
hydrophobicity/hydrophilicity. For instance, cyclodextrins are cyclic oligosaccharides
possessing a hydrophobic inner cavity and a hydrophilic outer surface, and are hence able to
encapsulate C60.283, 286
Interlocked systems, such as rotaxanes and catenanes, can be employed in building
porphyrin-fullerene conjugates.243,

287, 288

Rotaxanes possess a linear “dumbbell shaped

molecule” which is threaded through a ring and cannot move out because of bulky end groups
(often called stoppers), whereas catenanes are made up of two or more interlocked rings. As an
example, porphyrin units can be used to cap rotaxanes – Figure 36.289
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Figure 36 Porphyrin-fullerene rotaxane possessing porphyrin caps.

289

To improve charge transfer properties, additional electron donating243,
transferring243,

290-294

269, 270

or energy

moieties can be incorporated to donor-acceptor systems resulting in

polyads (triads, tetrads, etc.). Zinc porphyrin (ZnP, 53) was self-assembled via two point
binding with fullerene-pyridine conjugates (54-56), possessing different electron donating
moieties; ferrocene (Fc) in 54, N,N-dimethylaminophenyl (DMA) in 55, and N,Ndiphenylaminophenyl (DPA) in 56 (Figure 37).243, 269, 270 All the three triads had similar selfassembled structures with the respect to the distance and orientation, and they formed via metalligand axial coordination of the pyridine functionalized fullerene with the central metal of 53
and acid-base interaction between the pyrrolidine nitrogen of the functionalized fullerene with
the carboxylic acid functionality of 53. Electrochemical studies of the compounds revealed an
increase of oxidation potentials in the electron donating moieties in the following order: Fc <
ZnP < DMA < DPA. The ferrocene has a lower oxidation potential (0.01 V vs Fc/Fc +) than Zn
porphyrin (0.28 V vs Fc/Fc+) and thus charge migration along the redox gradient is possible. In
contrast, DMA and DPA both have higher oxidation potentials compared to Zn porphyrin.
However, the relatively low redox potential of DMA (0.38 V) allows occurrence of electron
transfer from the singlet excited state of Zn porphyrin to the fullerene, which is followed by
hole exchange between Zn porphyrin and DMA (ZnP*-C60-DMA → ZnP•+-C60•−-DMA → ZnPC60•−-DMA•+). In the case of DPA, which possesses a high oxidation potential (0.53 V vs
Fc/Fc+), the following pathway can take place when C60 is excited: ZnP-C60-DPA → ZnP-C60*DPA → ZnP-C60•−- DPA•+ → ZnP•+-C60•−-DPA. In all the triads, the second electron donor
operates as a hole transfer reagent. This results in prolonged lifetimes in the charge separated
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Figure 37 Zn porphyrin and Fc-, DMA- and DPA-derivatized pyrrolidino[60]fullerenes employed in constructing
243, 269, 270
supramolecular triads via two-point binding.

states. For ZnP-C60-Fc, ZnP-C60-DMA and ZnP-C60-DPA charge separated state lifetimes of
170 ns, 190 ns and 220 ns were obtained, respectively.
Biomimetic antenna-reaction centres can be constructed by combining energy funneling
antenna molecules with a donor-acceptor conjugate.243 After excitation of the antenna
molecule(s), energy is transferred to the electron donor. This excitation of the donor by the
antenna molecule triggers charge transfer to the electron acceptor. Besides other tetrapyrroles
(chlorins, porphyrins), other types of energy transfering artificial antenna molecules, such as
boron dipyrrin and triarylamines, have also been also incorporated into supramolecular
porphyrin-fullerene systems.243, 290-294
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3.3.2.2

Self-assembling biomimetic special pairs

Numerous chlorophyll dimers have been reported as reaction centre special pair (RC SP)
models, in which two chlorophylls self-assemble into a dimeric structure in the presence of one
or two water molecules.84, 92, 135, 295-307 In the earliest models of special pairs, the chlorophyll
dimer was constructed by cross-linking with one water molecule; for instance, the
supramolecular dimer (57) was formed by coordination of water to the Mg and simultaneous
hydrogen bonding to 131- and 133-carbonyl oxygens in β-ketoester functionality in the ring E of
another Chl molecule (Figure 38a).295-297
Strouse at al. reported an X-ray crystallographic structure of ethyl chlorophyllide a dihydrate
(Figure 38b).298 In this model, the Mg atom of ethyl chlorophyllide a is coordinated by a single
water molecule, which is simultaneously a hydrogen bond donor both for a second water
molecule and for the 131-oxo group of another chlorophyllide molecule. The second water
molecule further acts as a hydrogen bond donor for the 133-carbonyl of the ethyl chlorophyllide
a and for the 173-ester carbonyl of the third chlorophyllide a. The distances between the
macrocyclic planes are about 3.6 Å, which means that the π systems are in van der Waals
contact. Interactions between the macrocycles result in red shift of the Qy band that varies
between 693−721 nm depending on the number of Chl a∙2H2O in the stack.299
The first C2-symmetric chlorophyll special pair model (59) was proposed by Fong (Figure
38c).300 In this model, two parallel Chl a macrocycles are held together by two water molecules,
each forming a hydrogen bond to the 132-methoxycarbonyl of one Chl molecule and
coordinating to the Mg atom of the other Chl. The interplanar distance between the macrocycles
is 5.7 Å, which is significantly more than typical van der Waals distances of porphyrin and
chlorophyll π systems (3.4−3.6 Å).135 Also, an anhydrous model (60) in which 132methoxycarbonyls are coordinating to the Mg atom of the neighboring Chl, was soon proposed
(Figure 38d).301-303 However, the structures by Fong have been debated widely in the literature,
since the 131-keto function, although being a stronger donor, is not involved in any
interaction.84, 135
The groups of Shipman et al.92 (Figure 38e) and Boxer and Closs304 (Figure 38f)
independently proposed similar models for a special pair. In these elegant models, the two
chlorophylls are self-assembled into a C2-symmetric structure in the presence of two
alcohol/water molecules. The Mg atoms of the two chlorophylls are β-coordinated by
water/alcohol molecules that are simultaneously hydrogen bonded to the 131-keto groups of the
adjacent chlorophyll. The π-π stacking interactions between the two chlorophyll macrocyles
enhance supramolecular interaction and enable π-π orbital overlap. Due to the C2-symmetry, the
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highest occupied molecular orbital (HOMO) on both macrocycles are equivalent.84, 135 The two
HOMOs can interact to form two “supermolecular” HOMOs of the special pair. Consequently,
the removal of one electron from the special pair dimer generates a radical cation in which the
unpaired electron is delocalized equally over two π-conjugated macrocycles. The chlorophyll
macrocycles are about 3.6 Å from each other.92 The Mg-ligand coordination bond is
approximately 2.1 Å and the Mg atoms are situated 0.4 Å out of plane. Shipman and co-workers

295

Figure 38 Biomimetic special pairs: (a) chlorophyll a dimer held together by one water molecule, (b) ethyl
298
chlorophyllide a dimer held together by two water molecules,
(c) C2-symmetric chlorophyll a dimer held together
300
301
by two water molecules,
(d) anhydrous C2-symmetric chlorophyll a dimer, (e) C2-symmetric chlorophyll a
92
dimer held together by two hydrogen bonding nucleophiles such as water, alcohol, amine, or thiol, and (f)
304
covalently linked C2-symmetric pyro-chlorophyll a dimer held together by two water molecules.
For
simplification, the peripheral functionalities at C-2, -3, -7, -8, 12, 18 are omitted.
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pointed out in their work that a manifold group of hydrogen bonding nucleophiles, such as
water, primary alcohols, amines and thiols can bring two chlorophyll planes into close
proximity.92 Consequently, the presented special pair could exist in a protein environment,
where the side chains of amino acids (e.g., O-H of serine, N-H of arginine, S-H of cysteine)
could serve as coordinating and hydrogen bonding ligands.
In addition to covalently linked pyro-chlorophyll a (PyroChl a) dimer 62,304 the
corresponding linked dimers of chlorophyll a (Chl a),305 bacteriochlorophyll a (BChl a)306 and
chlorophyll b (Chl b) have been studied. Also the methods of synthesizing these dimers have
been described.307 All these dimers in their folded conformations exhibit similar spectroscopic
and redox properties to the natural chlorophyll special pair, including the red shift of the Qy
band absorption and equal delocalization of the unpaired electron upon oxidation.304-306, 308
Katz and co-workers determined the fluorescence lifetimes and fluorescence quantum yields
and studied the coherent stimulated light emission (lasing) properties of covalently-linked
dimers of Chl a and PyroChl a in their open and folded conformations in comparison to
monomeric Chl a.308 The fluorescence lifetimes and fluorescence quantum yieds did not change
considerably for the dimer in a folded conformation as compared to the monomer. In contrast,
the open dimers showed decreases both in fluorescence lifetimes and fluorescence quantum
yields. Additionally, the open linked dimers did not show stimulated light emission, while the
folded linked dimers and chlorophyll monomers were lasing readily.308, 309 It was suggested that
the molecular properties of open dimers prevent significant population of the singlet excited
state, as explained by absorption of the exciting radiation by the S1 state, resulting in an exciplex
or charge transfer state.
In order to mimic the charge separation in photosynthetic reaction centres, where the excited
special pair chlorophyll donates an electron to the free-base pheophytin (Section 3.2.3), Pellin et
al.310 have replaced the hydrogen bonding nucleophile with a primary alcohol derivative of
pyro-pheophorbide a (PyroPheo a-OH) to give assembly 63 (Figure 39). The fluorescence of
the PyroChl a dimer was almost completely quenched in the (PyroChl a)2−(PyroPheo a-OH)2
assembly (63) in comparison to the (PyroChl a)2-(ethanol)2 assembly. The excited state
difference spectrum on the picosecond timescale showed formation of the (PyroChl a)2 cation
radical and (PyroPheo a-OH)2 anion radical <6 ps after excitation. The return to the ground state
occurred on a time scale of 10-20 ns, which states that the reverse reaction of charge separation,
i.e., charge recombination, is significantly slower than the charge separation state. The quantum
efficiency of electron transfer is close to unity.
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Figure 39 Self-assembled (PyroChl a)2–(Pyropheo a-OH)2 reaction centre model.

310

Boxer and Bucks presented a related structural model in which an electron-donating
(PyroChl a)2 assembly was covalently linked to a free-base macrocycle, either to Pheo a or
PyroPheo a, to give 64 or 65, respectively.311, 312 NMR chemical shifts and molecular models
showed that the metal-free macrocycle C folds above the macrocycle A – Figure 40.311 It was
proposed that this specific interaction was stabilized by the transient substitution of a hydrogen
bond between the hydrogen bond donating hydroxyl ligand and the hydrogen bond accepting
131-carbonyl oxygen in macrocycle C in cooperation with π-π interactions.

Figure 40 Proposed structure of a (PyroChl a)2−Pheo a or (PyroChl a)2−PyroPheo a assembly.

311, 312

Time-resolved absorption and fluorescence measurements were conducted for trimers
(PyroChl a)2−Pheo a (64) and (PyroChl a)2−PyroPheo a (65) and compared with (PyroChl a)2
(62).312 The fluorescence and absorption kinetics were nearly identical for (PyroChl a)2 (62) and
(PyroChl a)2−PyroPheo a (65), resulting in formation of S1 and T1 states. For (PyroChl
a)2−Pheo a (64) the fluorescence quantum yield and lifetime did not change in comparison to
(PyroChl a)2 (62). However, pronounced differences were observed in picosecond transient
absorption spectra. The authors suggested that slow electron transfer (τCS < 100 ps) likely occurs
from the (PyroChl a)2 dimer to the Pheo a and this is followed by recombination to the ground
state with a lifetime of 3 ns. Additionally, electrochemical studies showed that Pheo a is 90
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meV easier to reduce than PyroPheo a. The estimated free-energy changes of possible electron
transfer from the S1 state of (PyroChl a)2 to Pheo a or PyroPheo a were −130 and −40 meV,
respectively, which supported the photophysical interpretation that electron transfer occurs in
(PyroChl a)2−Pheo a (64) and not in (PyroChl a)2−PyroPheo a (65). The model of Boxer and
Bucks is quite distant from natural reaction centres, where the primary electron transfer event
occurs rapidly and the reverse reaction is substantially slower. Possible reasons for this include:
the long linker length; conformational flexibility between the electron donating dimer and
electron accepting monomer; and the orientation.312
As mentioned earlier in Section 3.2.2, dimeric species of so-called ‘piggyback dimer’
(Figure 16b) are formed in the case of BChls, where the 31-OH group serves as a nucleophile
and coordinates to the central metal of the neighboring chlorin.106, 126 Another possible structure
is the ‘face-to-face dimer’. In both structures 66 and 67 (Figure 41), presented by Smith and coworkers,106,

126

the separation distance between the chlorins is ~3.5 Å. It is also worth

mentioning that the structures of the face-to-face and piggyback dimer bear many similarities to
the special pair of Rhodopseudomonas viridis, in which the two BChls have π-π overlap
between the A-pyrroles (Figure 17). Also, the Qy transition dipole vectors are nearly antiparallel
in both models. Of these alternative structures, Smith and co-workers concluded that the
piggyback dimer model best agrees with the NMR-data for the structure in solution.

Figure 41 Proposed structures for the bacteriochlorophyllide d dimer: a) piggyback dimer, and b) face-to-face
106, 126
dimer.

Yet again, porphyrins have been employed even more widely than chlorins in constructing
biomimetic special pairs and special pairs that are connected in the vicinity of the electron
acceptor.79, 178, 179, 197, 243, 313-318 As a representative example, crown ether functionalized Zn and
Mg porphyrins were self-assembled into co-facial dimers via potassium ion induced
dimerization (Figure 42).313,

314

The binding constants for the dimerizations of Zn/Mg
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porphyrins were ~ 2 ∙ 1022 M-5 in benzonitrile. Both dimers were further assembled with
pyrrolidino[60]fullerene electron acceptors via two point binding, involving metal ligand axial
coordination and aminium-crown ether complexation. Time-resolved spectroscopic studies
revealed electron transfer from the singlet excited state of the porphyrin dimer to the fullerene.
Charge separation and recombination times were 209 ps and 100 ns, respectively, when the
porphyrins possessed Mg atom as their central metal, but 170 ps and 50 ns when Zn was the
central metal. Electrochemical studies revealed that the Mg porphyrin dimer (66b)314 possessed
a 130 mV lower oxidation potential than the Zn porphyrin dimer (66a).313 The easier oxidation
and longer recombination time in the case of the Mg porphyrin dimer shows the importance of
the central metal in designing systems for photoinduced electron transfer.

Figure 42 Supramolecular special pair porphyrin dimer and porphyrin dimer-fullerene tetrad.
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4 Aims of the study
The general aim of this thesis was to understand how structural modification will affect the
photophysical and/or electrochemical and/or supramolecular properties of chlorophyll
derivatives, and to employ this knowledge in construction of biomimetic chlorophyll derived
light-harvesting structures and materials that are capable of photoinduced energy/electron
transfer.

The specific aims of this study were:

1. To employ supramolecular interactions in order to prepare light-harvesting and energy
transferring chlorin-polymer assemblies in the solid state, and to investigate the absorbing
and emitting properties of these materials to be used in solid state applications (II).
2. a) To synthesize special pair mimicking covalently-linked chlorin dimers that are capable
of folding into a C2-symmetric structure by intramolecular hydrogen bonding and π-π
stacking; to study the effect of the linker length on folding; and to investigate the
supramolecular and optical properties of the dimers (I).
b) To attach a biomimetic chlorin special pair dimer in the vicinity of an electron acceptor,
C60, in order to construct a reaction centre special pair (RC SP) model that is capable of
photoinduced charge separation. The aim was to study the supramolecular, photophysical
and electrochemical properties of the resulting electron donor-acceptor system (III).
3. To functionalize chlorophyll derivatives with strong electron donors, ruthenocene and
ferrocene, and to study the photophysical properties of these metallocene-chlorins (IV).
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5 Results and discussion
The source for the starting material was Spirulina Pacifica algae, as it is known to
exclusively contain Chl a. However, any green source containing Chl a, such as plants and
algae, could be employed as a material for the chlorin derivatives that will be presented in the
following sections. For instance, spinach containing both Chl a and Chl b can be utilized and
the isolated pigment mixture can be further treated with chromatographic techniques in order to
separate the pigment derivatives from each other.18 A pigment source with Chl a/Chl b is also
advantageous when there is a need for Chl b, as it has its own distinctive optical,
electrochemical and supramolecular properties due to the presence of the aldehyde group at
position C-7. What comes to synthetic perspectives, the aldehyde at C-7 additionally enables
further derivatization in order to construct different energy/electron transferring structures and
materials.
The starting material, Chl a (Figure 43), was isolated through extractions from Spirulina
Pacifica algae.18, 319 The subsequent demetallations and transesterifications were performed in
5% sulfuric acid in methanol to obtain pheophorbide a methyl ester (1).319 Pyrolysis, i.e.,
elimination of the carbomethoxy group from ring E, in refluxing pyridine yielded pyropheophorbide a methyl ester (2).16, 80

Figure 43 The isolation of starting material pigment and subsequent modifications.
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In the following sections of this chapter, the motivation and results of the original
publications I-IV will be presented and discussed. The results include synthetic modification
procedures of the starting materials (1 and 2) as well as profound characterization of the
structural/photophysical/electrochemical properties of the novel chlorin based structures and
materials. In addition to summarizing the results of I-IV, some connected results from ongoing
research will be presented.

5.1 Light-harvesting zinc chlorin−polymer assemblies
In construction of solid state applications from solely aggregated chlorophylls, the
concentration quenching15, 132 (Section 3.2.2) sets limitations for the thickness of the aggregated
surface, which is quite disadvantageous, since low optical density reduces the efficiency of the
system. Therefore, high potential lies in supramolecular materials in which the host (e.g.,
polymer) − guest interaction can prevail over aggregative dye-dye interactions. In our approach,
we designed light-harvesting antenna structures utilizing a polymer to which chlorin pigments
could bind noncovalently − Figure 44. The well-known affinity of Zn chlorin to pyridine via
metal-ligand axial coordination was employed; we therefore chose a pyridine containing
polymer poly(4-vinylpyridine) (P4VP) as a scaffold for the Zn chlorins since it was analogous
to naturally existing chlorophyll-protein structures – Section 5.1.1 and II. Inspired by this work
we are currently aiming to prepare light emitting materials with improved emission properties –
Section 5.1.2.

Figure 44 Illustration of Zn chlorin−P4VP assemblies formed via Zn-pyridine axial coordination.
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5.1.1 Doping level optimization for absorbing and emitting materials (II)
The two pigments, Zn-pyro-pheophorbide a methyl ester (71) and Zn-31-OH-pyropheophorbide a (4) (Figure 45), were chosen to be used in Zn chlorin-P4VP assemblies. 31-OHpyro-pheophorbide a methyl ester (70, 31-epimeric mixture, (31R)/(31S) = 1:1) was synthesized
by reaction in 30 % hydrogen bromide in acetic acid followed by treatment in ice water,
fractionation of the acid product and subsequent esterification with methanol in acidic
medium.142 71 and 4 were both obtained by metallating the corresponding free base derivatives
with saturated solution of Zn(OAc)2∙H2O in MeOH dissolved in dichloromethane.142

Figure 45 a) HBr/AcOH, b) H2SO4/MeOH, and c) Zn(OAc)2/MeOH-DCM.

The supramolecular approach, based on metal-ligand axial coordination as shown in Figure
44, turned out to be highly advantageous, resulting in efficient binding both in solution and in
the solid state. 1H NMR studies in solution revealed that pyridines of P4VP bind well to Zn
chlorin units (71) in a weakly coordinating solvent, nitrobenzene-d5. Upon addition of ~3 equiv
of P4VP (the amount of Zn chlorin vs. the amount of pyridines in P4VP) the chlorin ring
methine proton resonances shifted downfield and clearly broadened, while the proton signals in
the pyridine shifted considerably upfield, indicating supramolecular interaction. Diffusion
ordered NMR spectroscopy (DOSY-NMR) gave further evidence for the formation of the Zn
chlorin−P4VP assembly. With DOSY, the NMR signals of species differing in size can be
separated according to their diffusion coefficients.320 When monomeric Zn chlorin is bound to a
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macromolecule, P4VP, its mobility and hence its translation diffusion coefficient will noticeably
decrease. This was the case – the diffusion coefficients of the separate 71 and P4VP were
measured to be 2.1 ∙ 10-9 m2 s-1 and 0.3 ∙ 10-9 m2 s-1, respectively, while the 71-P4VP assembly
gave roughly the same diffusion coefficient, 0.3 ∙ 10-9 m2 s-1, as the P4VP alone. Together, the
1

H NMR and DOSY gave concrete support that the pyridine units are tightly coordinated to Zn

chlorins in nitrobenzene-d5.
To study the coordination of pyridine to Zn chlorins in the solid state, SAXS and TEM
measurements from PS-b-P4VP diblock copolymer nanostructures were performed, showing a
clear change in the structure morphology from cylindrical to lamellar morphology upon addition
of 0.5 equiv of 71 and still upon addition of 1.0 equiv of 71. This experimental observation in
the solid state corroborated the semiempirical theoretical study, which suggested that a 1.0
equiv doping level would be spatially possible.
To examine the potential of Zn chlorin−P4VP assemblies for solid state photonic
applications, the impact of the doping level on the optical properties in the solid state was
investigated in detail. In prior to this, the solutions of P4VP and the solutions with varying
amounts of Zn chlorin (71 or 4) in THF were mixed together, spin-coated on glass substrates
and heated for 2 h at 80 ˚C in an oven to remove any residual solvent. Scanning electron
microscope (SEM) and ellipsometer measurements revealed smooth films with the approximate
thicknesses of 200 nm.
The absorption spectra of the Zn chlorin−P4VP films and of the spun Zn chlorins alone, i.e.,
aggregate, are shown in Figure 46. Notably, with dye loadings between 1:100 and 1:2 (equiv,
the amount of Zn chlorin vs. pyridine units in P4VP) the absorption spectra of Zn chlorin−P4VP
remain rather similar, indicating that chlorins remain in monomeric form with the assistance of
P4VP. However, modest red shifts in the Soret and the Qy bands are observed due to a decrease
in the mutual distance between the chlorins upon increase of pigment loading within the
polymer. The increase of Zn chlorin doping level (71 or 4) to 1:1 in the polymer obviously
induces the most apparent changes in absorption spectra. The most dominant change is observed
in the spectrum of the strongly aggregative Zn-31-OH-chlorin (4), for which a small shoulder
appears in the Qy band region indicating some level of aggregation between the neighboring
molecules. To summarize, doping levels up to 0.5 equiv of Zn chlorin (300 wt%) can be used in
absorbing materials without formation of aggregates. In the absence of P4VP intermolecular
interactions between Zn chlorins are obviously present – the broadened and notably red-shifted
Qy bands of 71 and 4 are observed at 677 nm and at 699 nm, respectively. The red-shift in the
Qy band of the Zn-31-OH-chlorin aggregates (4) is larger, as expected, since 4 has a tendency to
form aggregates due to the presence of the 31-OH group (Section 3.3.1.1).
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Steady-state fluorescence measurements of the Zn chlorin−P4VP films revealed an increase
in fluorescence quenching upon increase of pigment loading in the polymer. The Stern-Volmer
type plots showed that fluorescence intensity was quenched linearly when the dye loading was
increased from 1 wt% (~ 0.002 equiv) up to 10 wt% (~ 0.02 equiv). In accordance with the
steady-state fluorescence measurements, time-resolved fluorescence studies showed rather
constant fluorescence lifetimes with low pigment loadings (up to 0.5 wt%, ~ 0.002 equiv), but
gave a dramatic shortening of the fluorescence lifetimes (Figure 47), as well as changes of the
lifetime decay from monoexponential to biexponential, when the dye loading was further
increased. Therefore, it was obvious in the case of low pigment loadings (below 1 wt%, ~ 0.002
equiv) that the mutual distance between the molecules was large and hence the coupling
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Figure 46 The absorption spectra of 71–P4VP (upper spectra) and 4–P4VP (lower spectra) with different dye
loadings (equiv, the amount of Zn chlorin vs. pyridine units in P4VP). The black dashed line shows the reference
spectra of polymer-free chlorin aggregates.
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between the chromophores was weak. In this case, pigments remain in monomeric form and are
fluorescent. However, when the pigment loading was increased further, the intermolecular
distances and hence interaction between pigment molecules increased, resulting in decrease of
fluorescence lifetimes (Figure 47). The results suggested that the quenching resulted from
energy transfer (FRET) between the Zn chlorins. The quenching is self-quenching and takes
place through dipole-dipole interactions.
Finally, the efficiency of FRET was determined as the function of the intermolecular chlorinchlorin distance in order to clarify the Förster distance, R0 (Section 2.4.1), for both chlorin
derivatives. By using the measured fluorescence lifetimes and employing both microscopic and
macroscopic approximations to calculate the intermolecular distances between the pigments, the
Förster distances for 71−71 and 4−4 were acquired (see II and respective supporting
information for details). Importantly, both approximations yielded similar results. Förster
distances for Zn chlorins 71 and Zn-31-OH-chlorins 4 were calculated to be 44.7 Å and 45.2
respectively, by employing a macroscopic approximation, and 47.8 Å and 48.3 Å, respectively,
by employing a microscopic approximation. The obtained agree well with the Förster distances
of related dyes (47 Å and 57 Å) reported for Chl b−Chl a and Chl b−Chl b, respectively, in a
light-harvesting a/b complex (LHCIIb).321
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Figure 47 The fluorescence lifetimes for 71−P4VP and 4−P4VP assemblies given as a function of dye weight
percentage (photoexcitation at λexc=410 nm, values obtained for 71−P4VP at λem=671 nm, and for 4−P4VP at
λem=660 nm).
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5.1.2 Towards biomimetic photonic materials
In homogeneous FRET (homo-FRET), where the donor and acceptor are identical, the
energy transfer can take place repetitively in any direction. However, in heterogeneous FRET
(hetero-FRET), the energy transfer is directional; light energy is absorbed by the molecule
absorbing at shorter wavelengths and transferred to the one absorbing at longer wavelengths
(Section 2.4.1). Consequently, the next point of interest was to find out whether the emission
efficiency of the chlorin – polymer assemblies could be further improved by incorporating a
red-shifted chlorin into the Zn chlorin – P4VP matrix, as illustrated in Figure 48. Purpurin-18
(72) was employed as the collecting unit, since it was known to have strong Qy band absorption
at ~700 nm,322 and therefore theoretically it would be able to receive and emit light at longer
wavelengths. The purpurin-18 was prepared from pheophorbide a methyl ester (Figure 49).322
The preliminary photophysical properties of the dye−polymer assemblies with Zn chlorins
and purpurin-18 have been recently investigated.323 The Qy absorption and fluorescence maxima
of Zn chlorin (71) embedded in P4VP (1 wt% dye loading) were observed at λQy=666 nm and
λem=675 nm (λexc=430 nm), respectively. For 72−P4VP assemblies (1 wt%) the corresponding
maxima were λQy=704 nm and λem=714 nm (λexc=410 nm), respectively. The Stokes shift for the
71−P4VP assemblies alone is 9 nm, while in the assemblies containing purpurin-18 as the
acceptor, the Stokes shift is increased to 48 Å. The specral overlap of the donor (71) absorption
and acceptor (72) emission extends from ~640 nm to ~740 nm.

Figure 48 Illustration of the hetero-FRET from Zn chlorins (ZnPPME) to purpurin-18 (P18). Adapted with
323
permission from reference. © 2014 IEEE.
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Figure 49 Synthesis of purpurin-18.

322

Fluorescence measurements (λexc=430 nm) were conducted for the P4VP assemblies
containing both 71 and 72 in varying ratios. The amount of Zn chlorin (71) was kept constant (2
wt%) in all measurements, while the amount of the purpurin-18 (72) was varied. Two prominent
fluorescence maxima were observed at 675 nm and 712 nm, arising from 71 and 72,
respectively. When the amount of purpurin-18 (72) was increased (Zn chlorin/purpurin-18 ratio
20:1→2:1), the fluorescence of Zn chlorin (71) at 675 nm diminished, while the fluorescence
emission at 712 nm of purpurin-18 (72) increased.
Fluorescence excitation spectra with a scan range of 400−600 nm were also measured. The
detection wavelength was fixed at either 675 or 712 nm, in accordance with the measured
fluorescence maxima of 71 and 72, respectively. A fluorescence excitation scan at detection
wavelength λem=712 nm of the 72−P4VP assembly showed a Soret band maximum at 416 nm,
resembling the absorption spectrum of 72. The excitation spectrum of the P4VP assembly
containing both 71 and 72 (ratio of 6:1) at detection wavelength λem=675 nm had a Soret band
maximum at 438 nm resembling the absorption spectrum of 71. At a detection wavelength of
λem=712 nm, a spectrum composed of the superimposition of both dyes was observed, giving a
strong indication of energy transfer within the assembly.
Time-resolved fluorescence measurements of the assemblies (λexc=400 nm and λem=675 nm)
indicated that the fluorescence lifetime of the energy donor (71) is decreased upon increase of
acceptor (72). Again, the amount of 71 was kept constant and the amount of purpurin-18 (72)
was increased (Zn chlorin/purpurin-18 ratios 20:1 to 2:1), resulting in decrease in the lifetimes
from 0.60 ns (20:1) to 0.23 ns (2:1). To summarize: the general trend in the quenching of the
donor fluorescence intensity and fluorescence lifetimes demonstrated that hetero-FRET from 71
to 72 was taking place within the assemblies. By employing equation (4) (Section 2.4.1), and
knowing the fluorescence lifetimes in the presence and absence of acceptor, the efficiencies of
FRET (ΦFRET) with different acceptor loading values were determined – Table 2. A value of
42.2 Å was obtained for the Förster distance, R0, which agrees well with the values obtained for
previously measured Zn chlorin−Zn chlorin pairs (Section 5.1.1).
The preliminary results of P4VP assemblies, containing two pigments (71 and 72) pave the
way for new biomimetic photonic materials. In the future studies, amplified spontaneous
82

Chapter 5. Results and discussion
emission (ASE) and lasing properties of these chlorin pigment doped P4VP-films will be
explored.
Table 2 The FRET efficiencies ΦFRET for P4VP assemblies
with Zn chlorin (71) and purpurin-18 (72) in varying ratios.
The amount of 71 is constant, 2 wt%.

Zn chlorin (71) /
purpurin-18 (72)
20:1
6:1
3:1
2:1

ΦFRET
0.54
0.47
0.80
0.82

5.2 Mimicry of the reaction centre
5.2.1 Folding of covalently linked chlorin dimers: Special pair model (I)
The photosynthetic reaction centre with a primary electron donor consisting of two
excitonically coupled Chl units in a nearly C2-symmetry has inspired several research groups to
design artificial dimers (Section 3.3.2.2). The motivation was to study whether the bisamide
linked chlorin dimer could arrange via hydrogen bonding into a C2-symmetric folded structure
when the linker had an optimal length. The hypothesis was that, in the dimers, the 174-amide
protons would be potential hydrogen bond donors, whereas the 131-carbonyl oxygens would act
as hydrogen bond acceptors (Figure 50a). Hence, the C2-symmetric folded structure would be
obtained purely by intramolecular association without the use of external supramolecularly
bridging molecules. Consequently, a series of covalently linked pyro-pheophorbide a dimers 7484 (Figure 50 and Table 3) were synthesized by reacting pentafluorophenol ester activated pyro-

Figure 50 (a) Folding of bisamide linked chlorin dimers into C2-symmetric structures, and (b) reference monomer.
The linkers (R) in the dimers 74-84 are described in Table 3, p.89.
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pheophorbide a with various diamines having a 3-12 atom backbone in the connecting unit R.
Additionally, a monomeric propyl amide derivative 73 (Figure 50b) was prepared as a reference
compound.
Changes in the intramolecular hydrogen bonding, together with π-π interactions between
partly overlapping chlorin macrocycles, were characterized by changes in the optical properties.
The UV-Vis absorption spectrum of the monomeric reference compound (73) showed Soret
band and Qy band maxima at 415 nm and 669 nm, respectively. In contrast, the dimers, having a
tendency to fold, characteristically showed a blue shifted and split Soret band accompanied by
minor red shifts in the Qy band – Table 3. As an illustrative example, the absorption spectra of
the monomer 73 and the dimer 77 are presented in Figure 51. Compound 77 possesses a
noticeably blue shifted Soret band maximum at 401 nm, a smaller Soret absorption band at 413
nm and a Qy band at 673 nm. In other dimers, the relative amplitudes of the splitting
components in the Soret band region were varied and strongly dependent on the length of the
linker. The more suitable the linker length, the better the folding and the higher the blue-shifted
component in the Soret band region and the higher the red shift in the Qy band. In dimers 77-79
and 84, this was the case, and for those the Soret band showed its highest maximum at 401-403
nm and the mostly red-shifted Qy band maximum appeared at 671-675 nm – Table 3. Notably,
from all compounds, the dimers 75-80 and 82-84 clearly featured a split Soret band, although
Table 3 solely takes into account the value of the Soret band maximum in order to point out the
dimers with the best folding ability.
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Figure 51 The normalized absorption spectra of reference 73 and dimer 77. The spectra were normalized at
absorption maxima.
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The folding was also shown to induce notable red shifts in the fluorescence spectra. The
fluorescence band maximum of the reference monomer 73 was observed at 672 nm, whereas in
the folded dimers the most prominent red shifts were observed for 75, 77-78 and 84 appearing at
wavelengths from 679 to 681 nm depending on the compound – Table 3. To further study the
folding phenomena, dimer 77 was titrated with DMSO to disrupt the hydrogen bonding. The
spectral changes were monitored both by absorption and fluorescence spectroscopy – Figure 52.
Upon the addition of DMSO, the Soret and Qy absorption bands red and blue shifted,
respectively, to resemble the unfolded spectrum, whereas the fluorescence intensity was not
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Figure 52 Absorption (upper spectra) and fluorescence (lower spectra, photoexcitation at 410 nm) spectra of dimer
77 upon titration with DMSO. Red line represents the starting point without DMSO. Absorption: 5.56 μM of 77,
DMSO 0-50 mM; fluorescence: 56.6 nM of 77, DMSO 0-1.0 mM.
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only blue shifted but also dramatically reduced upon titration. The evident decrease in the
emission band intensity suggests that the fluorescence quantum yield is higher for the folded
dimer geometry than for the open one. Notably, a similar behavior was reported for the classic
special pair models of Katz and co-workers (Section 3.3.2.2, p.68).308
Circular dichroism (CD) spectroscopy provided rich information about the folding abilities
of the dimers as the spatial arrangements of transition dipole vectors of the interacting chlorins
affects the differential absorption of left and right circularly polarized light. The reference
compound 73 showed a negative CD signal at 671 nm arising from the Qy(0,0) transition, a
positive signal at 542 nm due to Qx(0,0) and a strong S-shaped CD signal at the Soret band.
Notable differences were observed in the CD spectra of the dimers, which were prone to
folding. The most prominent feature in the CD spectrum was the increasing and red-shifted
negative intensity in the CD signal at Qy(0,0) while going from dimer 74 to 77, after which the
band started to decrease as the linker length was increased. The CD spectrum of the m-xylene
linked dimer 84 showed analogous features to the spectrum of the folded dimer 77, which
possessed the most optimal linker length among the group of alkyl linked dimers. On the
contrary, the compounds 82 and 83 possessing 5- and 6-heteroatomic linkers, respectively, did
not give such a strong effect, which implies that heteroatoms in the linker interfere with the
hydrogen bond driven folding.
1

H NMR studies offered a convenient tool for studying the folded geometries, as the

intramolecular hydrogen bonding would bring chlorins into close proximity and affect the
observed chemical shifts of the protons that were exposed to the ring current of the neighboring
chlorin ring. The 1H NMR studies indicated strongest shielding for the protons H-10 and H-121
in the folded structures. Additionally, clear deshielding of amide protons was observed due to
hydrogen bonding interactions. These results unequivocally supported the folded conformation
as illustrated in Figure 50.
Dynamic 1H NMR measurements were performed for all compounds between temperatures
of −20 and +55 ˚C. As expected, the chemical shifts of protons H-10 and H-121 and amide
protons H-174 in the dimers were particularly dependent on temperature. The protons H-10 and
H-121 shifted downfield and the amide protons (NHCO) upfield with increasing temperature.
The chemical shifts of protons H-10, H-121 and NHCO (δH) were plotted as a function of
temperature (T) and the resulting δH–T dependence was fitted to linear forms. The slopes (k) of
the fitted lines are presented in Table 3. The reference monomer 73 shows only minor
temperature dependence. In the dimers, the higher the magnitude of the slope − which can be
either positive or negative (±) depending on the proton in question − the stronger is the δH–T
dependence, and hence, the folding. Although all dimers indicate a tendency to fold, it appears
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to be the strongest for the alkyl-linked dimers 77-80 and weakest for 74, with shortest propyl
linker. Additionally, heteroatoms in the linker obviously disrupt the hydrogen bond driven
folding, which can be concluded from the slope magnitudes of compounds 82 and 83.
Solid evidence for amide hydrogen bonding was obtained from IR spectroscopy, since the
hydrogen bonded N-H stretch signals appear in different spectral regions in comparison to nonhydrogen bonded amides. For monomer 73, a sharp non-hydrogen bonded N-H stretch signal
appeared at 3448 cm-1, while in the case of dimers, additional broad signals at 3325-3375 cm-1
arising from hydrogen bonded N-H stretch absorptions were observed with various intensities.
The hydrogen bonded N-H stretch signals were most prominent for structures 75-78, 83 and 84.
The experimental deductions about the folding phenomenon were further supported by
theoretical means. The optimized minimum geometries of the non-hydrogen bonded and the
hydrogen bonded dimer 77 were obtained at the DFT B3LYP/6-31G(d) level (Figures 53 and
54). The folded minimum energy structure had an approximate C2-symmetry in which the
intramolecular distance of the two slipped chlorins is 3.6 Å and the lengths of the hydrogen
bonds are 1.85 Å. Inspection of the frontier orbitals revealed that the HOMO, HOMO-1, LUMO

Figure 53 B3LYP/6-31G(d) geometry optimized model of the non-hydrogen bonded open dimer 77 in benzene.

Figure 54 B3LYP/6-31G(d) geometry optimized model of the folded dimer 77 presented from top (left) and side
(right) in benzene. The hydrogen bonding interactions between the 174-amide hydrogens and the 131-carbonyl
oxygens are presented with dotted lines.
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and LUMO+1 are delocalized evenly and also partly shared between chlorins in the folded
conformation – Figure 55. The π-π stacking interaction is most illustrative in the case of the
HOMO-1 and LUMO. This observation, together with the various experimental spectroscopic
studies, indicates that the molecular orbitals of the chlorins are in close electronic interaction.

HOMO

LUMO

HOMO-1

LUMO+1

Figure 55 The FMOs (HOMO, HOMO-1, LUMO and LUMO+1) of the B3LYP/6-31G(d) optimized folded dimer 77
in benzene. Isovalue 0.01.
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Table 3 The absorption (λSoret, λQy) and emission maxima (λem), and slopes (k) derived from NMR chemical shift (δ) – temperature (T) dependent measurements of compounds 73-84.
The values of Δ(Soret), Δ(Qy) and Δ(em) indicate the difference of the band maximum in comparison to 73 band maximum. In fluorescence emission measurements, the excitation
wavelength was λexc= 410 nm. [a] Reference monomer. [b] Ar=1,3-phenyl.

Absorption (nm)

Emission (nm)

Dynamic 1H NMR: k = Δδ/ΔT
(10-3 ppm / °C)

Compound

Linker
[a]

λSoret

Δ(Soret)

λQy

Δ(Qy)

λem

Δ(em)

H-10

H-121

NHCO

73

–CH2CH2CH3

415

0

669

0

672

0

0,4

-0,1

-2,0

74

–(CH2)3–

415

0

669

0

675

3

3,8

4,1

-4,8

75

–(CH2)4–

415

0

674

5

680

8

13,1

17,3

-17,2

76

–(CH2)5–

413

-2

670

1

676

4

13,6

14,8

-17,6

77

–(CH2)6–

401

-14

673

4

680

8

18,6

23,2

-20,8

78

–(CH2)7–

401

-14

672

3

679

7

16,2

18,6

-16,9

79

–(CH2)8–

403

-12

671

2

675

3

18,7

22,5

-23,9

80

–(CH2)10–

414

-1

670

1

674

2

15,7

19,5

-23,7

81

–(CH2)12–

415

0

669

0

673

1

11,6

15,1

-15,4

82

–(CH2)2O(CH2)2–

414

-1

670

1

675

3

6,2

5,7

-9,8

83

–(CH2CH2S2)–

413

-2

671

2

8,1

9,9

-10,5

84

–CH2Ar[b]CH2–

402

-13

675

6

11,4

16,0

-15,0

89
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5.2.2 Conformational switching of a chlorin dimer–azafulleroid (III)
The recently published work III was a continuation of the studies of I. The electronaccepting conjugated chlorin dimer 85 (Figure 56) was synthesized and its conformational,
photophysical and electrochemical properties were examined in detail (III). The m-xylene
linked dimer 84 provided us a convenient premise, due to its optimal length and rigidity. The
aromatic linker was also a proper choice from the perspective of synthetic modification.
Additionally, the chlorin monomer–azafulleroid 86, as well as the chlorin dimer 84, the chlorin
monomer 87 and the benzyl azafulleroid 88 (Figure 56) were synthesized and investigated for
comparison. As described in detail in the original publication, 85 was synthesized by preparing
the benzyl azide derivative of the chlorin dimer, which was then allowed to react with C60 by
1,3-dipolar cycloaddition, followed by extrusion of N2. Very similar synthetic methods were
applied in the case of 86 and 88 (please see the article and supporting material for details).

Figure 56 Chlorin dimer 84, chlorin dimer–azafulleroid 85, chlorin monomer−azafulleroid 86, chlorin monomer 87,
and benzyl azafulleroid 88.

The 1H NMR studies of the chlorin dimer 84 and the chlorin dimer–azafulleroid 85 in CDCl3
revealed a typical shielding in protons H-10, -121 and -132 and deshielding in the case of the
amide protons, indicating hydrogen bond driven folding phenomena as evidenced in our earlier
work I. Additionally, a stepwise titration of 84 and 85 with the hydrogen bond breaking solvent,
acetonitrile-d3, was performed. Upon addition of acetonitrile-d3 to solutions of either 84 or 85,
the protons H-10 and -121 were shifted downfield and the amide protons upfield, indicating the
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unfolding effect, in which the chlorin planes deviate from intramolecular contact. The
compound 84 remained soluble upon titration, while the compound 85 precipitated gradually
out from solution.
Absorption and fluorescence measurements of the compounds 84-88 were performed in both
polar and nonpolar media. As expected, the absorption spectra of both the chlorin dimer 84 and
chlorin dimer–azafulleroid 85 in toluene showed spectral characteristics of the folded dimer
structure with the blue-shifted Soret band maxima and the red-shifted Qy band maxima. In
benzonitrile, the Soret and Qy band maxima of 84 appeared at 418 and 671 nm, respectively,
while in toluene the corresponding maxima were observed at 403 and 679 nm, respectively
(ΔSoret = −15 and ΔQy = +8) (Table 4). Likewise, the chlorin dimer–azafulleroid (85) showed
similar trend in the shifts of the Soret and Qy band maxima, when the solvent was changed from
benzonitrile to toluene (ΔSoret = −11 and ΔQy = +8). Notably, in addition to the absorptions
resulting from the chlorin macrocycle, 85 possessed an additional shoulder in the UV region of
the spectrum as a result of the azafulleroid contribution. In both solvents, the spectrum of the
chlorin dimer–azafulleroid 85 was shown to be a superimposition of the spectra of 84 and 88.
In contrast, the solvent polarity had practically no impact on the spectral features of
monomeric reference derivatives 86 and 87. In benzonitrile, 87 possessed Soret and Qy band
maxima at 418 and 671 nm, respectively, while in toluene they appeared at 415 and 671 nm,
respectively (ΔSoret = −3 and ΔQy = 0) (Table 4). Similarly, in benzonitrile, 86 displayed these
two absorptions at 419 and 672 nm, and in toluene, at 416 and 672 nm (ΔSoret = −3 and ΔQy = 0).
Table 4 The absorption (λSoret, λQy) and fluorescence emission maxima (λem) of compounds 84-87 in benzonitrile and
toluene. In fluorescence emission measurements, the excitation wavelength was λexc= 403 nm.

λSoret

λQy

λem

84 in benzonitrile

418

671

676

84 in toluene

403

679

684

85 in benzonitrile

418

671

676

85 in toluene

407

679

684

86 in benzonitrile

419

672

676

86 in toluene

416

672

676

87 in benzonitrile

418

671

676

87 in toluene

415

671

676
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An additional shoulder originating from the azafulleroid was also present in 86 and the
spectrum was best described as the superimposition of the absorptions of 87 and 88.
The fluorescence spectra of chlorin monomer 87 and chlorin monomer – azafulleroid 86 at
an excitation wavelength of 403 nm both exhibited fluorescence maxima at 676 nm in toluene
(Table 4). The spectra of both chlorin dimers (84 and 85) revealed fluorescence maxima at 684
nm, typically shifted to longer wavelengths due to the folding phenomenon. In polar
benzonitrile, however, all compounds 84-87 displayed fluorescence maxima at 676 nm.
Markedly, fluorescence quantum yields were observed to be prominently decreased in all
solvents in the case of azafulleroid derivatives 85 and 86 (Table 5), which suggested the
presence of an additional decay mechanism, either electron or energy transfer, after
photoinduced excitation.
Femtosecond and nanosecond transient absorption spectroscopic studies were performed to
investigate the processes of the photoexcited states. For illustration, the femtosecond transient
absorption spectra of compounds 84 and 85 and the corresponding absorption time decay
profiles are presented in Figure 57. After photoexcitation, the chlorin dimer 84 (Figure 57) and

Figure 57 Upper part: Femtosecond transient absorption spectra of 84 (left) and 85 (right) in argon saturated toluene;
1 ps (black), 10 ps (red), 100 ps (green), 1000 ps (blue), and 5500 ps (cyan) after excitation at 675 nm. Lower part:
Corresponding absorption time profiles of 84 (left) and 85 (right) at 590 nm (black) and 1050 nm (red). Adapted with
permission from Publication III. © 2014 Wiley & Sons, Inc.
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the chlorin monomer 87 in toluene both revealed the formation of the first singlet excited states,
which was followed by a slow decay to the triplet excited states, with lifetimes of 6.0 ns and 6.7
ns in 84 and 87, respectively. The azafulleroid derivatives 85 (Figure 57) and 86 showed
formation of the singlet excited states, which decayed rapidly. Notably, the transient absorptions
characteristic for the chlorin radical cation at ~790 nm and the fullerene radical anion at ~1050
nm were observed in the transient absorption spectra of both 85 and 86, indicating the formation
of charge-separated states. This observation was further corroborated by pulse radiolysis
measurements revealing transient absorption of the radiolysis-induced oxidized chlorin dimer at
790 nm.
Depending on the solvent, the fluorescence quantum yields of chlorin derivatives 84 and 87
are 3−7 times higher than the quantum yields of 85 and 86 possessing azafulleroid
acceptor (Table 5). However, the lifetimes of singlet excited states of chlorins 84 and 87
are approximately 60−10 000 times higher when compared to 85 and 86 (Table 5). If electron
transfer would take place from the excited singlet state of the donor (chlorin monomer/dimer)
the ratios of the fluorescence quantum yields and excited singlet state lifetimes should be equal,
in accordance with Stern-Volmer relationship (13) (see also section 2.4) and with (14) and (15):
𝜙𝐷0
𝜏𝐷0
=
= 1 + 𝑘𝐶𝑇 𝜏𝐷0
𝜙𝐷𝐴 𝜏𝐷𝐴

(13)

𝜙𝐷0
𝜙 −1
𝑘𝐶𝑇 (𝜙) = 𝐷𝐴 0
𝜏𝐷

(14)

𝜏𝐷0
𝜏 −1
𝑘𝐶𝑇 (𝜏) = 𝐷𝐴 0
𝜏𝐷

(15).

In above equations, 𝜙𝐷0 and 𝜙𝐷𝐴 are fluorescence quantum yields of donor and donor−acceptor,
respectively, 𝜏𝐷0 and 𝜏𝐷𝐴 are fluorescence lifetimes of donor and donor−acceptor, respectively,
and 𝑘𝐶𝑇 is rate constant of charge transfer.
Additional inspection of the measured absorption spectra of compounds 84-87 (see Figures 2
and 3 in article III) shows that the molar absorption coefficients of 85/86 are one-third of those
measured for 84/87, which refers to significant interaction between donor and acceptor already
in the ground state. The above observations together possibly refer that the donor is not excited
alone, but instead the strongly interacting D-A pair (D = chlorin monomer/dimer donor, A =
azafulleroid acceptor) is excited giving an excited complex (D-A)*, which undergoes
photoinduced charge-separation: (D-A)*  D•+A•−.
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The time-resolved transient absorption studies of 85 and 86 were performed in a variety of
solvents – o-xylene, toluene, anisole, THF, benzonitrile and DMF – to clarify the effect of
solvent polarity on the charge-separated state lifetimes (Table 5). For the chlorin monomer–
azafulleroid 86 the charge-separated state lifetimes between 907 ± 20 ps (o-xylene) and 21 ± 1
ps (DMF) were derived, while for the chlorin dimer–azafulleroid 85 the lifetimes ranged from
1622 ± 87 ps (o-xylene) to 21 ± 1 ps (DMF). Further studies by means of nanosecond laser
photolysis based transient absorption measurements and singlet oxygen phosphorescence
studies (Table 5) also indicated that the charge recombination pathway was dependent on
polarity of the solvent. In nonpolar toluene, the charge-separated state decayed indirectly via the
triplet state to the ground state, while in polar benzonitrile a direct deactivation to the ground
state was observed. Concerning the charge-separated state lifetimes, the lifetime of 85 in
nonpolar media was revealed to be nearly twice of that measured for 86, and therefore, it was
Table 5 Summary of the photophysical properties. [a] Determined from the fluorescence lifetime measurements, λexc=
403 nm and λem= 680 nm. [b] Not determined.

Fluorescence
quantum yield

First excited
singlet state
lifetime

Singlet-oxygen
quantum yield

Charge separated
state lifetime

84 in toluene

0.27

6.0  0.6 ns[a]

0.70

-

85 in o-xylene

0.070

74  9.0 ps

[b]

1622  87 ps

85 in toluene

0.095

12  1.0 ps

0.99

1606  46 ps

85 in anisole

0.083

2.7  1.6 ps

[b]

283  15 ps

85 in THF

0.072

2.0  1.0 ps

[b]

68  3 ps

85 in benzonitrile

0.066

3.5  1.0 ps

0.23

73  4 ps

85 in DMF

0.063

0.8  0.8 ps

[b]

21  1 ps

86 in o-xylene

-

111  10 ps

[b]

907  20 ps

86 in toluene

0.029

103  7 ps

0.74

830  17 ps

86 in anisole

0.031

37  3 ps

[b]

301  9 ps

86 in THF

0.050

6  1 ps

[b]

66  4 ps

86 in benzonitrile

0.034

1  1 ps

0.19

65  3 ps

86 in DMF

0.038

0.6  0.3 ps

[b]

21 ± 1 ps

87 in toluene

0.20

6.7  0.7 ns[a]

0.76

-
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apparent that the folded conformation had an impact. The DFT studies of 85 at the TPSSD3/def2-SVP level gave two extreme energy minima structures – A, wherein the chlorins are
folded, and B, wherein the chlorins are wrapped around the azafulleroid – Figure 58. It was
clear that the folded conformation was present in nonpolar media as supported by several
spectroscopic studies. Additionally, since the intramolecular interaction in the wrapped
conformation is considered to be hydrophobic, it would be the most likely stabilized geometry
in polar media. Additional support for the structure came from the fact that porphyrins are
generally known to interact with fullerenes (Section 3.3.2).
As was indicated by the frontier molecular orbital examination, in both folded and wrapped
conformations, the HOMO was expectedly located on the electron-donating chlorins, while the
LUMO was placed on the electron accepting azafulleroid. It is noteworthy that in the folded
structure the HOMO and the HOMO-1 are evenly delocalized and also partly shared between
the chlorins, which is in accordance with the earlier studies of the dimer 77 (I). The common
orbital is best illustrated by the HOMO-1 – Figure 59.
The delocalization – the equivalent distribution of the HOMO and HOMO-1 on each chlorin
– has a significant effect on the stabilization of the radical cation in the dimer after electron
donation, which consequently gives an explanation for the approximately twice-as-long chargeseparated state lifetime observed in the chlorin dimer azafulleroid 85 in comparison to the
chlorin monomer–azafulleroid 86 in nonpolar solvents (o-xylene, toluene). As far as the
wrapped conformation is concerned, it lacks delocalization and additionally displays different
mutual orientations and a shorter centre-to-centre distance than that in the folded structure. The
rapid decrease in the lifetimes of the charge-separated states when going from nonpolar to polar
environments can be explained, apart from the direct effect of the solvent polarity, by the
decrease of distance and differing orientation between the donor and the acceptor. The influence
of solvent polarity, mutual distance, and orientation was well demonstrated in two-point bound

Figure 58 TPSS-D3/def2-SVP geometry optimized folded (A) and wrapped (B) conformers of chlorin
dimer−azafulleroid in toluene. Adapted with permission from Publication III. © 2014 Wiley & Sons, Inc.
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HOMO

HOMO-1

Figure 59 HOMO and HOMO-1 of the TPSS-D3/def2-SVP geometry optimized folded chlorin dimer–azafulleroid in
toluene. Isovalue 0.01.

Zn chlorin-fullerene dyads (Section 3.3.2.1, p.61-63). These observations agree with the Marcus
theory of electron transfer (Section 2.4.2) which states that, in nonpolar solvents, the decrease in
reorganization energy (𝜆) and increase of Gibbs free energy (𝛥𝐺0 ) pushes the the charge
recombination dynamics deeper into the inverted region. On the other hand, the charge
separated state is known to live longer with increasing distance and to be dependent on the
prevailing bridge or medium – equation (12) (Section 2.4.2).

5.2.3 Ferrocene- and ruthenocene-appended chlorins (IV)
Strong electron donors, such as ferrocenes and ruthenocenes, are frequently attached to
electron-accepting moieties or used as additional electron-donating units in donor-acceptor
dyads to achieve prolonged charge separated states (see Section 3.3.2.1 and citations in the
introduction of article IV). Ferrocenes have been employed most widely due to their
outstanding stabilities and well-known redox chemistry.324 Ferrocenes are classical quenchers of
excited states. Their lowest excited singlet state lies higher in energy than the excited state of
porphyrin, and so energy transfer from excited porphyrin to ferrocene is ruled out.325 However,
numerous studies have revealed a quenching pathway involving electron transfer from ferrocene
to the excited singlet state of porphyrin (A* + Fc → A•− + Fc•+).324-327
Some

other

metallocene-pophyrins,

such

as

ruthenocene-porphyrins,

have

been

synthesized,328-331 but the photophysical pathways of these dyads have not been explored that
widely, when compared to ferrocene-porphyrins. Sessler and co-workers have investigated
several (pentamethylcyclopentadienyl)ruthenium π-complexes of metalloporphyrins as well as
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(pentamethylcyclopentadienyl)ruthenium π-complexes and sitting-atop metalloporphycenes.330332

After photoexitation, efficient electron transfer from the ruthenocene unit to the singlet

excited state of porphyrin/porphycene was observed. The charge-separated state was followed
by decay to the the ground state or to the triplet excited state of porphyrin.
No metallocene-appended chlorins have been reported so far in the literature. Ferrocene- and
ruthenocene-appended chlorins, 131-Fc-chlorins (Fc = [Fe(η5-C5H5)(η5-C5H4)]) and 131-Rc’chlorins (Rc’ = [Ru(η5-C5Me5)(η5-C5H4)]), respectively (Figure 60), were synthesized and their
photophysical pathways were investigated. Two distinct routes were applied in the syntheses:
(a) in the case of ferrocenyl-chlorins, pyro-pheophorbide a methyl ester (2) was initially
hydrolyzed into pyro-pheophorbide a; nucleophilic addition of the ferrocenyl anion to the 131carbonyl group of pyro-pheophorbide a followed by subsequent elimination of the hydroxyl
group in a SiO2 column afforded ferrocenyl-chlorin; then the 173-acid group was esterified back
into methyl ester to give 91; (b) in the case of ruthenocenyl-chlorins, 2 was reacted with
cyclopentadiene in the presence of base and the resulting fulvenyl-chlorin was transformed to
131-Rc’-chlorin by a facile ligand exchange/deprotonation reaction with the ruthenium complex
[Ru(η5-C5Me5)(η4-C8H12)Cl] (C8H12 = 1,5-cyclooctadiene) in the presence of a base. In addition
to metallocene derivatives (91 and 93), phenyl-chlorin (90) was prepared by applying the same
route as in the case of 91 (for details of all syntheses, please see IV). Notably, the ferrocene and
ruthenocene appended chlorins oxidized spontaneously into distinct oxidation products under

Figure 60 Phenyl-chlorin (90), ferrocenyl-chlorins (91 and 92), and ruthenocyl-chlorins (93-95) derived from 2.
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air. The ferrocenyl derivative 91 afforded oxidation product 92, with 131-ketone and 151aldehyde, while the ruthenocenyl chlorin gave the corresponding oxidation product 95, but also
separable isomers, (R)-94 and (S)-94, possessing a ketone at C-132.
The properties of phenyl-, ferrocenyl-, and ruthenocyl-chlorins possessing a double bond
between C-131 and C-132 (90, 91 and 93) were investigated by 1H NMR spectroscopy in
comparison to the reference compound 2. Generally, in a magnetic field, aromatic compounds
show a diamagnetic (diatropic) ring current (Section 2.2), while antiaromatic show a
paramagnetic (paratropic) ring current.19 In aromatic compounds, the diamagnetic ring current
induces deshielding for outer-ring protons and shielding for inner-ring protons, while in
antiaromatic compounds the situation is reversed. As proposed by Sundholm and co-workers,
all π electrons contribute to the aromaticity of chlorins (Section 2.2).27-30 Indeed, the 1H NMR
studies of compounds 2, 90, 91 and 93 demonstrated that the additional double bond between C131 and C-132 significantly reduces the aromatic ring current. The 1H NMR studies indicated
that shielding of outer-ring protons was increased in chlorins 90, 91 and 92, while the inner-ring
NH protons experienced increased deshielding when compared to the reference compound 2.
Additional support for decreased aromaticity was obtained from ring-current calculations based
on gauge including magnetically induced current (GIMIC) method, which showed that the
aromatic ring current is significantly reduced in compound 90 when compared to the reference
compound 2. The calculated ring-current susceptibilities (i.e., ring-current strengths) of 23 nA/T
and 13 nA/T around the chlorin ring were obtained for 2 and 90, respectively. In corroboration,
calculated nucleus independent chemical shift (NICS) values indicated weaker aromaticity for
compound 90 than for 2. A strong paratropic ring current was observed in E ring of chlorin 90
and was shown to hinder the macrocyclic ring current from passing the 13 1-132 double bond.
Accordingly, the antiaromatic 20π conjugation pathway was shown to be prevented (for details,
please see IV).
The perturbation of the π system by the 131-132 double bond resulted in significant instability
for chlorins 90, 91 and 93. Among these compounds, the phenyl-substituted chlorin 90 showed
the best stability as it survived standard purification conditions under air without producing any
oxidation products. However, it was extremely sensitive to normal light and also decomposed in
photophysical measurements. Both metallocene derivatives 91 and 93 were readily oxidized
under air into 18π conjugated chlorins (91 → 92; 93 → (R/S)-94 and 95) unless deoxygenated
conditions were not applied during their purification and separation. Similarly, notable
instability and tendency to oxidize have been reported in 20π conjugated antiaromatic
porphyrins333, 334 and in other chlorins possessing a π bond at C-131−C-132, giving an extension
of the π system.16, 335, 336
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The electron-rich metallocenes (Fc/Rc’) clearly destabilized chlorins 91 and 93 as they were
both oxidized. It is not clear, why chlorin 93 afforded (R/S)-94 in addition to 95, although 91
gave only one oxidation product, 92. However, in relation to (R/S)-94, a similar type of
oxidation, although near to a ferrocene group, has been reported by Li and co-workers.337 In
their work, ferrocene-neighboring cyclopentadiene was oxidized into cyclopentenone, which
was obviously promoted by the ferrocenyl group.
Absorption and fluorescence measurements were conducted for compounds 2, 92, (R)-94,
(S)-94 and 95. The Soret and Qy band maxima as well as fluorescence maxima are presented in
Table 6. Dissapointingly, ferrocenyl chlorin 92 and ruthenocyl-chlorin 95 did not survive all
photophysical studies due to their photochemical sensitivities. In contrast, ruthenocenyl-chlorins
(R)-94 and (S)-94 were stable and detailed photophysical investigation was performed for them
and for reference compound 2. Absorption spectra of all the compounds were recorded after
each photophysical measurement in order to confirm stabilities.
Ruthenocyl-chlorins (R)-94 and (S)-94 showed significant quenching in their fluorescence
emissions, reduced quantum yields (𝜙𝐹 ) and shortening of their fluorescence lifetimes (𝜏) when
compared to 2 − Table 6. This observation suggested the presence of another decay mechanism,
either energy or electron transfer, in (R)-94 and (S)-94. The photoexcitation of the methyl pyropheophorbide a reference (2) at 378 nm showed formation of the chlorin singet excited state,
which decayed slowly to the triplet excited state with a lifetime of 6755 ± 1707 ps. The rate of
intersystem crossing is comparable to the obtained fluorescence lifetime (6.9 ns).
Time-resolved photophysical measurements of compounds (R)-94, (S)-94 and 95 provided
evidence of photoinduced charge transfer from the ruthenocene unit to the singlet excited state
of chlorin. The charge separated state decayed to the triplet state of chlorin. The calculated
Table 6 The absorption and emission maxima, fluorescence lifetimes, fluorescence quantum yields and charge
separated state lifetimes of 2, 92, (R)-94, (S)-94 and 95 in THF. [a] λexc= 403 nm and λem= 670 nm. [b] λexc=403 nm. [c]
The compound decomposed during measurement. [d] These values are at the lower time resolution limit of the
fluorescence lifetime setup; from transient absorption values of 68 ps and 72 ps for (R)-94 and (S)-94, respectively,
were obtained as lifetimes for the first singlet excited states.

Absorption
(nm)

2

Emission

Fluorescence lifetimes

(nm)

(ns)

λSoret

λQy

λem

𝜏1

411

669

671

[a]

Fluorescence
quantumyield

[b]

Charge separated
state lifetime

𝜏2

𝜙𝐹

𝜏𝐶𝑅

6.9 (100 %)

-

0.13

-

[c]

[c]

[c]

[c]

92

412

698

[c]

(R)-94

400

666

668

0.2 (76 %)[d]

2.9 (24 %)

0.006

938 ± 117

666

668

[d]

3.0 (20 %)

0.008

1029 ± 135

700

[c]

[c]

[c]

152 ± 5

(S)-94
95

400
413

0.3 (80 %)
[c]
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frontier molecular orbitals of (R)-94, (S)-94 and 95 also suggested that the ruthenocene unit in
each molecule would act as a donor and chlorin as an acceptor, as the HOMOs and the LUMOs
were localized on the ruthenocene and on the chlorin, respectively. Additional evidence for
formation of ruthenocene radical cations and chlorin radical anions came from electrochemical
and spectroelectrochemical measurements. The lifetimes of the charge separated states for
compounds (R)-94, (S)-94 and 95 were 938 ± 117 ps, 1029 ± 135 ps and 152 ± 5 ps,
respectively – Table 6.
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6 Conclusions
In this thesis, energy transferring solid state antenna structures in which Zn chlorins are
noncovalently bound to P4VP via metal-ligand axial coordination were presented (Section 5.1.1
and II). Tight supramolecular binding prevailed both in solution (by 1H and DOSY NMR) and
in the solid-state (by SAXS, TEM). The desirable doping levels for solid-state applications were
determined and they were ca. 0.5 equiv (300 wt%) and ca. 0.002 equiv (1 wt%) for absorbing
and emitting Zn chlorin−P4VP films, respectively. The Förster analysis of the solid films gave
values 45−48 Å for the Förster distance, R0, which correlated well with the literature values of
related dyads. In the current work, we have employed more red-shifted chlorin, purpurin-18,
together with Zn chlorins to obtain dye-doped polymers, where hetero-FRET was observed to
take place (Section 5.1.2). For the future studies, amplified spontaneous emission (ASE)
measurements are required in order to study the impact of FRET in the optical gain and loss
within the assemblies.
Several chlorin dimers with varying bisamide linkers were synthesized (Section 5.2.1 and I).
Spectroscopic studies including absorption, fluorescence, CD, IR, and 1H NMR spectroscopy
indicated that the chlorin dimers fold into C2-symmetric structures in nonpolar media via
hydrogen bonding and π-π interactions when the linker is suitable in length. The complementary
DFT studies corroborated the experimental results. The study was further extended to an
electron donor-acceptor system in which an m-xylene linked chlorin dimer acts as an electron
donor and an azafulleroid is the electron acceptor (Section 5.2.2 and III). The photophysical and
theoretical studies of the chlorin dimer−azafulleroid revealed solvent polarity dependent
conformational switching: the hydrogen bonded folded form was present in nonpolar media,
while the wrapped chlorin dimer−azafulleroid, in which the two hydrophopic chlorins wrap
around the azafulleroid, was present in polar media. Time-resolved spectroscopic studies
indicated that photoinduced charge separation occurs in folded and wrapped conformations.
Longer charge separation lifetimes were obtained in the folded conformation, where the radical
cation can be stabilized through delocalization in the dimer. Additionally, the mutual distance in
the D-A system as well as the solvent polarity, had an influence on the charge separation
dynamics. Our next challenges are to achieve higher red-shift for the Qy absorption in the dimer
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and to further increase the charge separation lifetime. The former may be achieved by adjusting
the geometry of the dimer, and the latter, by extending the length and nature of the linker into an
alternative interface that facilitates the electron transfer event; or alternatively, by incorporating
accessory pigments that could mediate the long-distance interaction between the donor and
acceptor.
Conjugated phenyl-, ferrocenyl- and pentamethylruthenocyl-chlorins were synthesized via
two distinct synthetic pathways (Section 5.2.3 and IV). The syntheses resulted in extension of
the π conjugation in the chlorin macrocycle, which significantly reduced the aromaticity of the
chlorin as indicated by 1H NMR. The decrease in aromaticity was unambiguous supported by
calculated NICS values and ring-current calculations based on the GIMIC method. The
ferrocenyl- and pentamethylruthenocyl-chlorins were oxidized spontaneously under air to give
18π electron conjugated products. The oxidized metallocene-chlorins were characterized by
steady-state and time-resolved photophysical techniques. Comprehensive photophysical
investigation was accomplished only for those ruthenocyl-chlorins that were photochemically
inert. A general trend was observed for the derivatives: photoinduced charge separation from
the ruthenocyl moiety to the excited state of chlorin, followed by intersystem crossing to the
chlorin triplet state. A future task is to supramolecularly incorporate an electron acceptor unit,
such as C60, on the metallocene-chlorin dyads and to study the photophysical pathways of the
resulting triads. Special care must be taken into account in design of such supramolecular
interfaces so that efficient and rapid charge transfer is promoted in the system while
simultaneously enabling long-lived species of the charge-separated state.
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