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Abstract 

 
Optical energy harvesting signifies an integrated approach to the gathering of 
energy from light.  The mechanisms which operate in the molecular apparatus 
of natural photosynthetic systems owe much of their efficiency to the highly 
localised pooling of energy – though that is not a feature that has been emulated 
in most artificial constructs.  Recently, however, biomimetic energy pooling has 
become a theme of significant interest in the arena of photoactive materials, 
where applications are less restricted by a direct focus on the efficiency of solar 
energy harvesting.  These materials present more immediate opportunities for 
implementation in devices for signal processing, optical computing and 
information technology (IT) applications.  Exploiting advances in synthetic 
chemistry and laser photophysics, new energy pooling materials are designed to 
operate at much higher than ambient intensities of light, with operational 
characteristics geared to specific laser input wavelengths.  In this chapter, it is 
shown how key principles learned from nature are being applied and extended 
in the design of optically nonlinear materials for energy pooling.  Particular 
attention is focused on dendrimers, other multichromophore arrays, and rare-
earth doped materials.  
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1     Introduction 
 
The modern technology of optical energy harvesting has a wide variety of 
operational principles, the main themes of which have evolved through pursuit 
of better control and economy in the global utilisation of solar energy.  The 
concept of harvesting signifies an integrated approach to the gathering from 
natural or environmental resources, with centralised collection and subsequent 
distribution according to requirements.  Over the years a plethora of schemes 
have been devised for the harvesting of energy, linking sustainability with 
economy and, increasingly, with green issues.  Prominent amongst recent 
developments from traditional methods of environmental energy harvesting are 
as follows: (i) Devices for direct conversion of solar radiation to electric power 
– advanced antenna arrays; (ii) Energy production from the flow of moving 
water in streams, currents, or pipes – technology based on advanced 
piezoelectric materials; (iii) Micro-generators using the temperature differential 
between the ground and atmosphere – thermoelectric devices and materials; (iv) 
Micro-hydraulic transducers producing electrical energy from environmental 
mechanical oscillations – combining piezoelectric with micro-electromechanical 
systems (MEMS) technology.  Many of the newer methods still under 
development signify relatively local, low-scale approaches to energy harvesting.   

For the scale of the environmental resource it represents, and also the 
extent of its geographic availability, solar power easily outstrips its competition.  
Each year, in excess of 1024 J of solar energy impinges on the Earth.  This 
exceeds by a factor of more than one hundred the next largest source of 
environmentally available power (wind energy, 1022 J), while  both are 
considerably in excess of a global demand that is not expected to reach 1021 J 
until the 2020’s [1].  Natural photosynthesis represents a process whose 
emulation is an obvious target in energy harvesting.  In fact most of the energy 
reaching the Earth’s surface is infrared; 43% is visible and 4% ultraviolet.  
Infrared energy is only efficient at producing chemical change at very high 
intensities, well above those sustainably tolerable for biological systems.  
Visible light must be harvested for sustainable efficiency.  However, simple 
consideration of the molecular energetics suggests that the mechanisms 
involved must be complex – and involve the collective action of two or more 
photons in some form of energy pooling.  This is evident from the fact that, 
whereas photosynthesis generates oxygen through fission of water, the energy 
required to break any of their O-H bonds (4.8 eV, corresponding to an 
ultraviolet wavelength of 260 nm) is beyond any one photon in the visible 
spectrum.   

There are many well-established non-biological solutions to the energy 
problem, including photovoltaic action for the chemical storage of energy (e.g. 
photoelectrolysis) and photocatalytic use of metal-ligand complexes to lower 
the threshold energy for decomposition of water.  Recently, for example, it has 
been shown that doping of indium tantalum oxide with nickel can reduce the 
band-gap to 2.3 eV, corresponding to a wavelength of 540 nm – though the 
mechanism is unclear and the quantum efficiency at 402 nm is only 0.66% [2].  
Hybrid solar cells based on inorganic nano-rods interfacing semiconducting 
polymers appear to hold more promise, with prototype devices achieving 
efficiencies of 6.9% [3].  However, as the detailed molecular structure and 
chromophore layout of the photosynthetic apparatus in a variety of living 
organisms have begun to emerge, new avenues of research are leading to 
significant  advances  in  the  modeling,   synthesis  and  operation  of  distinctly 
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Figure 1: Key energy transfer processes in the light-harvesting complexes of purple 
photobacteria. Adapted from Ref. 5 

 
biomimetic energy harvesting materials based on photon energy pooling.  
Whereas the purpose of man-made energy harvesting materials is not usually 
biosynthesis, both artificial and natural systems share a common need to capture 
and efficiently channel optical energy to a suitable site of repository, and crucial 
lessons can be learned from the structure and operation of photobiological 
systems [4]. 
 
2     Precepts from photobiology 

 
In green plants, the photosynthesis of each elementary carbohydrate unit 
(CH2O) is achieved by two coupled redox reactions; one is the reduction of 
carbon dioxide, the other is the oxidation of water.  It has long been known that 
each requires the energy of four photons for its completion.  Natural 
photosystems generally comprise several non-covalently bound pigment-protein 
complexes.  In each complex, the major protein component represents a 
superstructure within which the pigment molecules are held.  In the visible 
region, the optical properties of such complexes are largely determined by the 
pigments, though the detailed spectral signatures of the latter are strongly 
influenced by their electronic surroundings.     

Purple photosynthetic bacteria have light-harvesting systems whose 
structural and mechanistic properties [5-7] have been thoroughly characterized 
by means of ultrashort pulsed laser studies and X-ray protein crystallography.  
Here the photosynthetic unit comprises pigment-protein complexes in which the 
key light-harvesting pigment is bacteriochlorophyll.  Two of the complexes, 
designated LH1 and LH2, form coplanar ring structures as schematically 
depicted in Fig. 1.  In each circular aggregate, bacteriochlorophyll pigments 
take the form of dimers whose wavelength of maximum absorption is 
significantly modified by their protein environment.  In common terminology, 
the bacteriochlorophyll dimer with an absorption maximum at 800 nm is 
referred to as B800.  The complex LH2, on the left in Fig. 1, comprises both 
B850 (above) and B800 rings (below) whereas LH1, on the right, has a B880 
ring.  In fact many LH2 rings surround each LH1, as shown in Fig. 2.  Together, 
these complexes deliver light energy to the reaction center (RC, shown at the 
center of LH1) where photosynthesis ensues. 
 

LH2 LH1 
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Figure 2: Energy flow in a bacterial photosystem for the oxidation of water.  

Adapted from Ref. 8. 
 

A striking feature is the very rapid transfer of energy both within and 
between the light-harvesting arrays.  In these multichromophore complexes, the 
operation of a spectroscopic gradient ensures that multi-step energy migration 
is not simply a random walk; each transfer from one bacteriochlorophyll species 
to another absorbing at a longer wavelength signifies a small but significant loss 
of energy, ultimately manifest as heat.  For any one transfer step, a key factor in 
determining its efficiency is the extent of overlap between the emission 
spectrum of the species from which energy departs (which in this connection 
assumes the role of donor – let us call it A) and the absorption spectrum of the 
species to which energy transfers (the acceptor, B).  In any subsequent 
migration, where the erstwhile acceptor B plays the role of donor, back-transfer 
to A is largely inhibited by the much poorer overlap between the emission 
spectrum of B and the absorption spectrum of A.  For this reason the transfer of 
excitation energy towards the reaction center is favoured, a feature often 
referred to as channeling or funneling (the same principle also assists the one-
way transfer of energy from carotenoids to chlorophyll species).  Finally, at the 
reaction center, the energy of successively arriving photons is accumulated and 
serves to drive the redox half-reaction that initiates chemical photosynthesis.   

Four key structural and mechanistic principles can be identified in the 
operation of such biological photosystems, and in generalised form many of the 
same principles inform the design of photoactive nanosystems and other light 
harvesting materials.  These are as follows: (i) Efficient antennae are required; 
the chromophores responsible for photon absorption need broad and intense 
absorption bands (and also correspondingly strong emission bands, as will 
emerge below), i.e. strong oscillator strength; (ii) Excitation energy is conveyed 
through the system with high efficiency by a series of ultrafast steps.  These 
usually involve the electromagnetic coupling mechanism known as resonance 
energy transfer, the ‘resonance’ signifying no energy losses during the actual 
transfer; (iii) Following each step in multi-step energy migration, there may 
however be losses associated with intramolecular relaxation.  Thus as the 
energy progresses through a series of different chromophores (or identical ones 
with increasing bathochromic shifts due to their electronic environment) a 
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spectroscopic gradient serves to ensure directionality; (iv) The convergence of 
optically derived energy culminates in energy pooling, usually a process of up-
conversion (release of radiation with shorter wavelength) or physicochemical 
change – again, details are given below.  To develop a more complete 
understanding of these factors we first turn to a more detailed appraisal of the 
photophysics involved in resonance energy transfer. 
 
3     Resonance energy transfer 
   
In considering the molecular mechanisms involved in each transfer step in a 
multi-step process, more than one kind of excitation transfer can be expected.  
The spectroscopic gradient principle alone strongly suggests the possibility of a 
difference in behavior when the donor and acceptor species are identical, as for 
example when we consider excitation transfer within  one of the light-harvesting 
ring structures.  Moreover, the possibility of close proximity between donor and 
(neighboring) acceptor within a ring structure clearly allows for much stronger 
coupling than could occur between well-separated chromophores.  In the 
following, the main principle governing the transfer of excitation between well-
separated chromophores with different optical characteristics is first outlined, 
and the modified behavior observed in the identical-neighbor case is then 
identified.   

The primary mechanism for energy transfer goes by a variety of names, 
each signifying a different aspect of the coupling: this incoherent, radiationless, 
Förster, or resonance energy transfer (RET) [9,10] is also designated FRET in 
connection with the ensuing fluorescence [11].  It is a mechanism that mediates 
energy transfer in a wide variety of materials, including rare-earth doped 
crystals, Langmuir-Blodgett films and photoactive dendrimers, as well as multi-
chromophore arrays like the photosynthetic unit.  The physical mechanism is 
dipole-dipole interaction between the excited donor and unexcited acceptor – 
the two dipoles involved being transition dipoles for the decay of the donor and 
the excitation of the acceptor.  The physical condition for this form of energy 
transfer is essentially weak coupling between the donor and acceptor species.  
In the modern theory based on quantum electrodynamics (QED), the coupling 
between the donor and acceptor transitions is calculated in terms of mediation 
by a short-lived, non-energy conserving, virtual photon – whose involvement 
can only be inferred; the energy transfer is radiationless for all practical 
purposes [12].  The QED theory in fact embraces both radiationless and long-
range radiative energy transfer – the results are valid over the whole span of 
distances ranging from the nanoscale up to laboratory-scale distances and 
beyond [13-15].   

Consider the pairwise transfer of excitation between two chromophore 
species A and B.  In this elementary process (which might be one RET 
component of a complex multichromophore mechanism) A is designated the 
donor and B the acceptor – though each may adopt another role subsequent 
transfer events.  Specifically, let it be assumed that prior excitation of the donor 
generates A*, in which it occupies an excited state Sn.  Onward progress of the 
energy is then accompanied by donor decay to a manifold of states associated 
with the ground electronic state S0.  Acquiring the energy, the acceptor B 
undergoes transition from its ground state S0 to its excited manifold Sn, as 
illustrated in Fig. 3.  (The excited acceptor, B*, subsequently decays either in a 
further transfer event or by another means such as fluorescence.) 
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Figure 3: Energetics in one stage of resonance energy transfer.  In the QED theory based 
on virtual photon coupling, donor decay may precede or follow (with ultrafast rapidity) 

the acceptor excitation. 
 

Restricting consideration to donor-acceptor separations R substantially 
smaller than the wavelengths of visible radiation, the theory gives the following 
expression for the rate of pairwise energy transfer w, applicable for systems 
where the host for the donor and acceptor has refractive index n: 
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In this expression, κ is an orientation factor given later in (3); FA(ω) is the 
normalized spectrum of donor fluorescence; σB(ω) is the linear absorption 
cross-section of the acceptor and ω the optical frequency in radians per second 
(= 2πν, with in Hz); c is the speed of light.  An immediately evident implication 
of the result is that efficient energy transfer demands significant overlap of the 
emission spectrum for A with the absorption spectrum of B.  (A similar 
principle operates in microwave energy transfer, whose efficiency depends on 
the corresponding overlap of Fourier mode components).  Also featuring in the 
above result is τA, the radiative decay lifetime of the donor, related to the 
measured fluorescence lifetime τfluor through τ fluor = ητA, where η is the 
fluorescence quantum yield.  An alternative, exactly equivalent expression for 
the rate of resonance energy transfer is as follows: 
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Here, R0 is the critical or Förster radius, calculable from the overlap integral of 
the donor fluorescence and acceptor absorption spectra; typical values of the 
Förster radius range over a few nanometers.   

Apparent in both (1) and (2), the inverse sixth power dependence on 
donor-acceptor separation R is a well-known characteristic of dipole -dipole 
energy transfer.  It determines the fact that, with intermediary donor/acceptor 
species suitably positioned and electronically distinct, any process resulting in 
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the overall migration of excitation over distances beyond the Förster radius will 
mostly operate through a series of short hops rather than one long hop (see 
below regarding exciton propagation).  The κ factor in the energy transfer rate 
equation (which is, in fact, identical in form to the orientational dependence in 
static dipole coupling) depends on the orientations of the donor and acceptor, 
both with respect to each other and with respect to their mutual displacement 
unit vector R

)
, as follows: 

 
)ˆˆ)(ˆˆ(3)ˆˆ( BABA RR µµµµκ ⋅⋅−⋅=  .          (3) 

 
Here, for each molecule, µ̂  designates a unit vector in the direction of the 
appropriate transition dipole moment.  Unfavourable orientations can reduce the 
rate of energy transfer to zero; others, including many of those found in nature, 
will optimise the transfer rate.  The angular disposition of chromophores is 
therefore a very important facet of energy transfer, and one that invites careful 
consideration in the design of energy harvesting materials.  In correcting a 
common misconception, note that transfer is not necessarily precluded when the 
transition moments lie in perpendicular directions – provided that neither is 
orthogonal to R (= RR

)
). 

The dipole-dipole coupling which leads to the foregoing results is in 
certain cases not applicable, as for example if either the donor or acceptor 
transition is electric dipole (E1)-forbidden or exceptionally weak.  Then, the 
mechanism for energy transfer can involve the electric quadrupole moment 
(E2), higher electric multipoles (En) or even magnetic multipoles (Mn), in each 
case leading to an orientation and distance dependence of a different form.  In 
the most common case of predominantly electric coupling, if (En) and (Em) are 
the leading non-zero moments of the donor and acceptor, the distance 
dependence takes the form R-2(n+m+1) [16,17].  Observations of energy transfer 
associated with dipole -forbidden interactions often reveal a degree of efficiency 
that precludes explanation simply on the basis of higher-order multipole 
coupling, however.  The Dexter exchange mechanism [18] is based on the 
premise that when the electron distributions of the donor and acceptor are close 
enough to overlap strongly, the energy of electronic excitation can pass directly 
to the acceptor, essentially channeled by the overlapping electron clouds.  As 
such it is a mechanism that comes into play only at very short distances where it 
exhibits an exponential dependence on R, reflecting a typical asymptote for the 
wavefunctions of the molecular orbitals.  It is not always appreciated that the 
Dexter mechanism can operate over such short distances both for dipole -
forbidden and also dipole -allowed transitions; for an account of how the Dexter 
and Förster mechanisms seamlessly merge for the dipole -allowed case, see 
Scholes and Ghiggino [19].  When donor and acceptor chromophores are 
electronically distinct, however, one should account for dipole -forbidden 
transitions in terms of higher multipoles.   

It is known that the dielectric properties of the medium within which 
energy transfer takes place (the protein matrix in photosynthetic systems, for 
example) exercises a considerable influence on the transfer efficiency, beyond 
the refractive dependence exhibited in the Förster formula  (1) [20].  Where 
electronically prominent chromophore species intervene between donor and 
acceptor groups, the detailed understanding of such an influence has to be 
sought at the molecular level.  For example, one obvious factor in determining 
the efficiency of excitation transfer is possible mediation of the transfer through 
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the electronic involvement of a bridge or other suitable placed species.  Work 
on rigidly linked bichromophore and multichromophore molecules has given 
conclusive evidence that, under certain conditions, a through-bond super-
exchange interaction can dominate intramolecular energy transport [21-23].  A 
recent analysis based on molecular QED has examined a number of the broader 
issues associated with the electronic influence of a neighbouring chromophore 
on resonance energy transfer, showing how it can be tailored to effectively 
‘switch on’ the energy transfer process under circumstances where energy 
transfer is normally forbidden by orientational effects or symmetry grounds [24].  

In the case of identical chromophores, closely neighbour ing but 
electronically distinct, differences arise through the possible formation of 
excitons.  It is as well to make clear the meaning of the term exciton in the 
present context since elsewhere it is employed with a wide variety of 
connotations – even including the single donor- or acceptor-localised 
excitations discussed above.  In common with much of the recent literature on 
energy harvesting, however, exciton here denotes a non-propagating, 
delocalised electronic state associated with the quantum interference of separate 
chromophore states.  At simplest, the excited states of any isolated pair 
(comprising a strongly coupled donor and acceptor) can mix and form a 
delocalised excited state split by twice the coupling energy.  With such 
excitonic states one can no longer specify the molecular location of the 
electronic excitation; by extension, in light-harvesting complexes comprising 
large numbers of equivalent chromophores, excitons can spread over several 
equivalent donor/acceptor species and be associated with numerous, closely 
separated energy levels.  Indeed, the separation between the lowest levels 
affords a useful means of gauging the extent of exciton delocalisation [25].  
Although any local disorder can substantially compromise the extent of 
excitonic delocalisation and also any superexchange coupling, a surprising 
finding in connection with B800-B850 coupling was that site disorder can be 
responsible for a more rapid transfer of excitation than would occur in its 
absence [26].  The multiplicity of the associated exciton splitting enhances 
spectral overlap in multichromophore arrays and thereby accelerates energy 
transfer.  Thus, in natural light-harvesting complexes the ring structures, which 
provide symmetry in the pigment arrays, enhance absorption and lead to those 
arrays as a whole acting as nanoscale energy traps.  The mechanistic 
interpretations of many bacterial and other photosynthetic systems are based on 
this premise – see Refs [27-29].   
 
4     Dendrimers 
   
Following several decades in which the science of energy-harvesting materials 
was largely pursued through the development and optimisation of photovoltaic 
cells, the arrival of dendrimeric macromolecules has heralded a new opportunity 
for achieving more closely biomimetic methods for light harvesting [8].  
Dendrimers are multi-branched nanoscale structures, with essentially fractal 
geometry and a large number of chemically similar chromophores amongst 
which energy can transfer; as such they are also known as nanostars or 
functional cascade molecules [30,31].  Much current work is directed towards 
the use of photoactive dendrimers – not only as model systems for 
photosynthetic light harvesting, but also as light-emitting diodes, fluorescent 
sensors, frequency conversion materials and other photonic devices.  Future 
advances may lead towards more directly biomimetic  energy harvesting systems. 
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Figure 4: Polyphenylether dendrimer with a photoactive trap. 
 

One of the objectives is to achieve, through funneling and trapping, the kind of 
energy pooling that characterizes biological systems, where the energy of more 
than one photon is accumulated in a trap – a topic that is to be revisited later in 
this chapter.  

In the typical example shown in Fig. 4, some of the features also 
common to natural photosynthetic systems are immediately apparent: 
principally, the circularly symmetric ring-like array of chromophores about a 
central excitation trap.  However, not only these structural motifs are important; 
it is also highly significant that the chromophore units are electronically 
distinct, here a result of the alternate 1,3,5-substituent linkage pattern on each 
benzene ring.  Again, the ether linkage has the effect of electronically isolating 
the phenyl chromophores; ethynyl linkages are also commonly employed in 
such dendrimers to similar effect, as detailed theory [30,32] and spectroscopic 
evidence [33] has shown.  As a result there is negligible through-bond coupling 
between the chromophore units, and transfer of excitation between them 
essentially takes the form of dipole coupling.   

In any dendrimer the synthetic route gives successive generations, each 
expanded by the peripheral addition of further functional groups.  The addition 
of further chromophores adds to the photon capture efficiency of the dendrimer, 
though the associated generation-dependence in the distribution of inter-
chromophore distances can result in a reduction in efficiency of energy transfer 
[34].  Clearly the central unit, even when of chemically identical form to the 
dendrite arms, differs in its electronic environment from those other 
chromophores – equally, amongst those, the peripheral chromophores are in a 
still different environment.  This can be played to advantage; in ideal cases the 
associated shifts in the corresponding absorption and fluorescence spectra can 
foster exactly the kind of spectroscopic or energy gradient observed in natural 
systems.  This pr inciple has been neatly illustrated in work on perylene-
functionalised phenylacetylene dendrimers, where the directionality of energy 
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flow from antenna chromophores to the core is a hundred times greater than in 
the analogous structure with dendrons all of equal length [35,36].  As observed 
in section 2, such an energy funnel represents a combination of structural and 
spectroscopic elements together directing energy towards the core, the latter 
acting as the trap [37,38].  The efficient unidirectional transfer of energy within 
a dendrimeric frame towards a core chromophore was in fact first reported only 
as recently as 1994 [39].  A new development in this area has been the design of 
dendrimers whose internal cavities host smaller dye molecules.  Exploiting not 
only intramolecular but also intermolecular (dendrimer – dye) energy transfer, 
extremely harvesting efficiencies (estimated at around 80%) have recently been 
reported for eosin embedded in a dendrimer with 65 chromophore groups of 
four different types [40]. 

Although not strictly dendrimeric, other light-harvesting materials with 
analogous structural motifs have also been investigated.  A molecular square, 
twenty-chromophore unit has recently been constructed by use of metal ion 
directed self-assembly methods, and shown to exhibit biomimetic energy 
transfer from outer to inner (pyrene to perylene) chromophores [41].  Closer to 
nature, multi-porphyrin systems in particular appear to offer considerable 
promise [42].  Here, for example , it has been shown that excitation transfer, 
between a zinc porphyrin acting as donor and its free base counterpart as 
acceptor, can be significantly enhanced by exploiting suitable bridging 
chromophores [43].  As with the dendrimers, these structures are designed to 
obviate transfer be tween donor and acceptor species through charge conjugation 
or wavefunction overlap.  Other recent work has forged a synthetic and 
conceptual link in this area, through the synthesis and characterisation of multi-
porphyrin arrays based on a phenylethynyl proto-dendrimeric framework [44].  
A striking success is an artificial photosynthetic antenna-reaction center 
complex comprising four zinc tetraarylporphyrins covalently linked, through 
phenylethynyl dendrites, to a free base porphyrin-fullerene acting as a ‘reaction 
center’.  Following photoexcitation of the peripheral zinc porphyrin (antenna), 
energy migrates to the central zinc porphyrin (donor) from which it transfers to 
free base porphyrin (acceptor), initiating electron transfer to the fullerene 
(reaction centre).  In this system, the charge-separated excited state is generated 
with an impressively high quantum yield of 0.90, based on the light absorbed by 
the zinc porphyrin antenna [45,46]. 
 
5     Rare-earth materials for energy pooling  
   
It may at first sight be surprising to discover several of the mechanistic 
principles discussed in the foregoing dendrimeric materials operating in the 
field of solid-state crystal optics (indeed, recognition of this has led to some 
highly innovative work on advanced energy pooling nanomaterials, to be 
discussed later in this chapter).  Conventional energy transfer does to some 
extent modify the operating characteristics of laser crystals; in essence, 
excitation hopping competes with radiative stimulated emission as a channel of 
decay for electronically excited ions.  However in laser systems other novel 
forms of energy transfer can occur – in particular, processes of concerted 
energy pooling become possible.   

The pooling that features in photobiological systems is associated with 
the eventual collection of energy acquired from photons which have been 
absorbed at various earlier times; moreover, various chromophore species 
experience electronic excitation and subsequent decay in the process of energy 
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migration to the reaction center.  However, the much higher levels of photon 
flux in laser systems makes it possible to pool the energy of photons which 
arrive together (within an ultrashort timescale).  Consequently, the time-energy 
uncertainty principle allows intermediaries in the process of energy transport to 
undergo transitions to extremely short-lived, non-energy conserving virtual 
states.  In this respect, the process has a similar basis to two-photon absorption, 
and indeed most other forms of optical nonlinearity.  Experimentally, such 
energy pooling becomes manifest in certain observations of blue-shifted 
fluorescence; notably, it has been shown that rare-earth (lanthanide) doped 
crystals display the effect at high levels of optical excitation.  In general, this 
fluorescence owes its origin to energy transfer mechanisms involving three 
chromophore/fluorophore sites, with two acting as donors and one as acceptor 
[47-49].  Exploiting the effect, it is possible to tailor such materials specifically 
for stepwise or sequentia l laser frequency upconversion.   

The reason for rare-earth ions to be so favoured in this connection is 
that they display strong f-f (core f-electron) transitions associated with a 
redistribution of charge sufficiently close to the nucleus that the ionic 
environment exercises relatively little influence.  As a consequence, their 
absorption and fluorescence spectra contain highly discrete, characteristic and 
well-resolved lines, with many falling in wavelength regions eminently suitable 
for laser excitation [50-52].  It should be emphasised that the materials under 
discussion here operate quite differently from conventional nonlinear optical 
crystals (where off-resonance input photons directly engage in pairwise or 
higher order coupling, not involving any optical excitation of the material).  By 
contrast, energy pooling processes are non-parametric and generally involve 
dissipative losses; indeed, associated phonon generation can expedite transfer 
by modifying the selection rules.  The features such materials have in common 
with those discussed previously are largely those bulleted at the end of Section 
3, here to be understood in an atomic context.  Specifically, there must be high 
efficiency in photoabsorption, energy transfer and energy pooling; only the 
spectroscopic gradient is less relevant – as fewer transfer steps are involved. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Accretive (upper left) and cooperative (lower right) energy pooling. Dotted 
circles – excited donors: open circles – acceptors: dark circles – ground state species. 
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Figure 6: Energetics of excitation pooling: accretive mechanism.  Horizontal lines 
denote electronic levels; the dotted line a virtual intermediate state.  Each vertical arrow 

designates an electronic transition associated with single-photon selection rules.  
 

In detail, the mechanisms which operate in rare earth energy pooling 
materials entail resonance energy transfer from two initially excited ionic 
fluorophore donors A and B (which may, but need not, be chemically identical), 
to other ion acceptors C.  Two fundamentally different mechanisms can mediate 
the effect.  In one mechanism, illustrated top left in Fig. 5, energy transfer 
involves routing from A to C via B, at which intermediate point the additional 
excitation energy of B is acquired.  The sum energy thereby delivered to C 
accomplishes the excitation of C, whose ensuing fluorescent decay produces the  
observed, up-converted radiation.  The pooling of energy at C, which should not 
be thought of as a two-step process since energy need not be conserved before 
its completion, has been designated an accretive mechanism with due regard to 
the nature of the intermediary role of B [53].  The overall process is still 
regarded as proceeding in stepwise fashion because the donor excited states 
have a finite lifetime before energy transfer, as does the acceptor excited state 
prior to its fluorescent decay.  A second mechanism, by means of which energy 
is deposited at C directly from the two donors, is termed cooperative [54]; it is 
depicted in the lower right of Fig. 5.  The general characteristics of both 
mechanisms have been determined through a detailed QED appraisal [55].   

As illustrated in Fig. 6, accretive pooling requires the donor decay to 
satisfy both single - and two-photon selection rules.  In the cooperative 
mechanism, Fig. 7, single -photon transitions characterise each donor decay and  

 
 
 
  
  
  
  
  
  
  
 

 
Figure 7: Energetics of excitation pooling: cooperative mechanism.   Horizontal lines 

denote electronic levels; the dotted line a virtual intermediate state.  Each vertical arrow 
designates an electronic transition associated with single-photon selection rules. 
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excitation of the acceptor follows two-photon selection rules.  To observe either 
form of such energy pooling, in a system accommodating donor and acceptor 
species appropriate to the laser input, it is necessary to furnish the necessary 
levels of donor excitation.  The specific requirement here is for pairs of donors, 
A and B, to be excited through conventional single -photon absorption – so that 
during a certain period, they are simultaneously in excited states.  In the 
simplest practical case, the donor species are identical and both become excited 
by the same input radiation.  It has long ago been established that two-site 
single-photon absorption is not intrinsically less probable than the more familiar 
single-site process of two-photon absorption [56] – in general, pulsed laser 
irradiation can readily afford the means of establishing the necessary level of 
donor excitation for both cooperative and accretive energy pooling.  In the 
optically primed system (i.e. following pump excitation) the relative number 
densities of excited donors and acceptors is therefore a significant determinant 
of mechanism, coupled with the different optical selection rules that operate for 
each mechanism. 

In the most general case, A, B and C may be three chemically different 
species (or the transitions involved in them may differ even when there is 
atomic equivalence).  Then, in determining the efficiency of energy pooling in a 
doped crystal it is necessary to consider all permissible ion positions on the 
lattice, and also the number of ions A, B, and C, residing in their appropriate 
initial electronic states, per unit cell.  If these are written as CX for species X, 
then the appropriate concentrations, in a cubic crystal with cell length a, are 
expressible as cX = a-3CX.  Where the optical selection rules permit only one 
mechanism to operate the rate of energy pooling, for each triad combination of 
A, B, and C ions, depends on the inverse sixth powers of two inter-ionic 
distances.  These are independent of each other – though calculations must 
discount any triad where two or three ions share identical lattice sites.  Allowing 
for all these restrictions, and assuming random positioning of the salient ions, 
the lattice sums that feature in the ensemble rates result in the following energy 
harvesting efficiency factors [55]: 

 
)(C

2
BA

12
C

2
BA

66

lattice

accretivecccaCCCRR BCAB ηη =→ −−−∑  ,       (4) 

)(2
CBA

122
CBA

66

lattice

ecooperativcccaCCCRR BCAC ηη =→ −−−∑  .      (5) 

 
Here η is a structure-dependent numerical factor, here taking the cubic lattice 
value, η = 64.39.  The lattice weightings thus signify concentration factors for 
each of the participating ions in the necessary initial states.  Where selection 
rules permit both accretive and cooperative pooling to occur (which is possible 
when inversion symmetry is absent), quantum interference terms have also to be 
accommodated in equations for the rate of energy harvesting.  For ions 
randomly disposed on a cubic lattice, rate contributions from such interferences 
are just as important as the ‘pure’ accretive or ‘pure’ cooperative kind.  In 
connection with conventional (single -donor) energy transfer, calculations based 
on this method have been applied extensively to crystal systems [57,58], with 
some work also accounting for higher multipole couplings and the exchange 
interaction [59,60].  The corresponding extensions to multiphoton energy 
pooling remain the subject of active research.     
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Examples of twin-donor energy pooling in up-conversion are rife, and 
not necessarily limited to systems containing more than one species of rare-
earth ion.  The occurrence of such a process was, for example , first identified in 
systems involving a concerted action amongst three electronically excited Pr3+ 
ions, in which two ions decay and the third is further excited through the 
acquisition of their combined energy [61,62].  It has been shown that an iso-
ionic process also accounts for green and red emissions from Er3+ in fluorite-
type crystals [63].     

                                                                                
6     Energy pooling in multichromophore arrays 
   
Much recent work on energy pooling has been directed towards nanoscale 
molecular emulation of the up-conversion principles that operate in rare earth 
materials.  In particular, dendrimeric and other still more closely biomimetic 
light-harvesting arrays offer great scope for technological applications.  In this 
connection, theoretical work is progressing hand in hand with current synthetic 
efforts, each informing the other; in both areas the difficulties are considerable, 
yet good progress is being made.  Part of the challenge lies in dealing with the 
complexities associated with energy transfer in systems with intricate molecular 
architecture [64].  For natural systems, revelation of the light-harvesting 
structures has enabled theory to home in on the interplay of the relevant 
electronic properties, a carte blanche where artificial systems are concerned.   

 One of the first examples of energy pooling was the observation of 
two-photon excitation energy transfer in a trichromophoric system, as illustrated 
in Fig. 8 [65].  Here, antenna species were excited with an optical frequency 
off-resonant with respect to direct one- or two-photon excitation of the central 
stilbene,  which nonetheless exhibited energy uptake through  E/Z-isomerisation. 
There is also some evidence to suggest the operation of such mechanisms in 
photoresponsive dendrimers, particularly those based on an azobenzene core 
with a pair of benzyl aryl ether dendrites.  Here the energy required to effect the 
observed cis-trans isomerization of the core appears to be only consistent with 
the pooling of excitation from two of the chromophores [66,67].  Meanwhile, 
other dendrimers, based on (diphenylamino)stilbene, have been shown to 
exhibit exceptionally high rates of two-photon absorption [68].  
 

 
 

Figure 8: Twin-donor cooperative energy transfer. 
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Figure 9: 3D plot showing variation of the rate of trichromophore energy pooling with 
angles φA and φB , in a molecular architecture favouring the cooperative mechanism. 

 
For multichromophore arrays, the complexity of energy pooling 

calculations increases considerably, especially in connection with the selection 
rules and orientational factors [69]; indeed, for their full analysis, 
multidimensional optimization routines are required.  By way of illustration, 
Fig. 9 shows a three-dimensional plot of the variation of efficiency for 
cooperative transfer of energy in a twin-donor system, as a function of the 
angles made by the transition dipole  moments of the two donors, φA, and that of 
the acceptor, φB, relative to the system axis.  Here it is assumed that the acceptor  
is situated directly in-between the two donors, as in the system shown in Fig. 8.  
However, for simplicity, it is assumed that all three transition moments are 
coplanar and that both donor moments are collinear [70].  Even such results 
apply just for one of the two contributing mechanisms; the accretive mechanism 
requires a similar appraisal. 

Recent theory has highlighted the need to simplify conceptualisation of 
multichromophore energy pooling, expedited through the application of a new 
interaction-pair terminology [71].  This formalism can obviate conceptual and 
semantic problems in the correct description of multichromophore (or in 
general, multi-center) interactions.  In connection with triple -donor pooling, a 
schematic depiction as in Fig. 10 accommodates the overall light-harvesting 
operation of a model dendrimer.   It establishes the fact that four mechanisms, 

 

Figure 10: Depiction of energy transfer routes for a triply-excited donor array. 

0

1

2

3

4

5

6
0

1
2

3
4

5
6

0

50

100

150

200

250

300

350

400

 

 

Γ
A

B
A

'(0)

φ B

φ
A

 



 16 

with varying degrees of accretive and cooperative character, may operate  – 
unless one or more is precluded by the selection rules or by the geometry [72].  
However, such illustrations fail to reveal a significant feature that arises where 
two or more mechanisms do come into play.  It needs to be emphasised that the 
rate of energy harvesting generally has not only contributions associated with 
each route individually, but also others resulting from their quantum 
interference, which may signify either an enhancement or a reduction in the 
overall energy harvesting efficiency.  Only detailed QED calculations reveal the 
extent to which the different quantum channels are interlaced.  Moreover, for a 
multichromophore structure, the calculation of interference terms has to 
accommodate all possible chromophores as intermediaries.  Another quantum 
feature concerns the time-ordering of the elementary interactions.  Fig. 10 
designedly omits any arrowheads suggesting directions or orderings for the 
virtual photon couplings from which each mechanistic pathway is constructed, 
because all temporally distinct orderings must be accommodated in the theory.  
A simple consequence of the time-energy uncertainty principle, proper 
accommodation of this feature is necessary in order to correctly derive the form 
of the electronic tensors for the chromophores involved.  Through detailed 
calculation it emerges that these tensors are closely linked to those which 
characterize multiphoton absorption and scattering.  
 
7     The future of energy pooling 
 
Optical energy harvesting is an area of science characterised by an almost 
unparalleled degree of interdisciplinarity.  Inspired by discoveries in photo-
biology, operating on principles from materials science, spectroscopy and both 
quantum and nonlinear optics, this rapidly developing subject enjoys the unique 
facility to accommodate their insights, and to exploit their design strategies for 
burgeoning technological applications.  In this review, attention has focused 
particularly on the principles and mechanisms of biological photosynthesis, 
photoactive dendrimers and other multichromophore arrays, and also rare-earth 
materials.  While much research effort is directed towards devising more and 
more closely biomimetic analogues of natural photosynthetic light-harvesting 
arrays, other important developments are taking place in the pursuit of materials 
to exploit optical nonlinearity for energy pooling under conditions of intense 
optical irradiation.   

Much of the recent work on theory has aimed to establish the 
underlying principles and links between the modes of operation of such energy 
harvesting systems.  Key factors here include the chromophore layout and 
geometry, the electronic structure and optical selection rules.  The fundamenta l 
pair-coupling nature of energy pooling becomes manifest in the detailed form of 
the material parameters, and especially in the interconnection between the 
diverse quantum channels that can mediate multiphoton excitation trapping 
[73].  Current work in this area is aiming to fully elicit the significance and role 
of electronically delocalised excitons in multichromophore arrays, with 
particular regard to exclusively exciton-mediated channels for energy transfer 
[74,75].  A complete assessment of the interplay between all of these factors 
will prove crucial for the future design and optimisation of new photoactive 
materials. 
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