
Humankind is facing an energy challenge: the urgent need to 
find a clean source of energy that is able to fulfil our growing 
demands for energy. Solar energy is the most promising such 

source because it is widely available and is clean, safe and renewable. 
Photosynthesis is the natural process by which solar photons are con-
verted into chemical energy to be used by organisms (plants, algae and 
photosynthetic bacteria) to live and reproduce. Therefore, photosyn-
thesis is the link between the Sun and life on Earth1.

The overall process of oxygenic photosynthesis is described by the 
equation: 6 H2O + 6 CO2 + sunlight → C6H12O6 + 6 O2. The most crucial 
reactions of photosynthesis therefore involve the oxidation of water to 
oxygen and the reduction of carbon dioxide to glucose (C6H12O6), which 
are driven by energy from sunlight.

During the early steps of photosynthesis, specialized complexes that 
contain pigments and proteins (pigment–protein complexes) absorb, 
transfer and convert energy from sunlight into the chemical energy that 
is needed to power the biochemistry of life. The absorption of light takes 
place on a timescale of femtoseconds (1 fs = 10–15 s), and it is efficient 
owing to the use of pigments with large absorption coefficients, as well 
as to the high density of pigments in the photosynthetic complexes — a 
density that is unattainable in solution without the complete quenching 
of the absorbed energy2. The transfer and conversion of the absorbed 
excitation energy needs to be ultrafast and irreversible because the pig-
ments are able to conserve solar excitation energy for only a few nano-
seconds (1 ns = 10–9 s). Consequently, the energy has to be transferred 
and converted in a few tens of picoseconds (1 ps = 10–12 s). In this way, 
almost all of the energy that is absorbed from sunlight is converted to 
electrochemical energy by photosynthetic complexes. Photosynthesis 
therefore holds the key to the efficient use of solar energy by humans 
using abundant and renewable materials.

Advances in our understanding of photosynthesis have revealed the 
mechanisms that promote its success in unprecedented detail, ena-
bling researchers to apply the discovered principles to the design of 
human-made energy conversion systems. In this Review, we focus on 
the charge-separation process in photosynthetic reaction centres in 
which solar excitation energy is converted into a stable pair of sepa-
rated charges with close to 100% efficiency. We describe the advances 
that have been achieved by combining experimental and theoretical 
methods, with a focus on the quantum nature of charge separation, 
and classify this understanding according to four design principles. We 

conclude with a discussion on how to apply these principles in practice 
to contribute to accomplishing the long-term goal of affordable, sustain-
able and efficient solar-to-fuel energy conversion. It should be noted 
that a commercially viable human-made energy conversion system must 
fulfil simultaneously the following requirements: high efficiency, long-
term stability, low cost, scalability and the use of renewable materials. 
Because the issue of efficiency is a considerable bottleneck, we focus 
on the lessons that can be learnt from nature to fulfil this requirement.

Reaction centres
The concept of the photosynthetic reaction centre originated as an inter-
pretation of the pioneering experiments by Robert Emerson and Wil-
liam Arnold in 1932 (ref. 3), which showed that the exposure of green 
algae to short saturating flashes of light reduced only one molecule of 
carbon dioxide per 2,500 molecules of chlorophyll. Louis N. M. Duysens 
established experimentally that most chlorophyll molecules function 
as light harvesters by absorbing and transferring excitation energy to a 
unique subset of chlorophylls in which solar excitation energy is con-
verted into useful chemical work. He then proposed that this special 
group of chlorophylls formed the reaction centres4.

Here, we will focus on the type II reactions centres that are found 
in purple bacteria (the bacterial reaction centre) and oxygen-evolving 
organisms such as cyanobacteria, algae and plants (the photosystem II 
(PSII) reaction centre). Both of these reaction centres are pigment–pro-
tein complexes that are embedded in the photosynthetic membrane. 
Whereas the bacterial reaction centre binds bacteriochlorophyll a and 
bacteriopheophytin a, the PSII reaction centre binds chlorophyll a and 
pheophytin a. The structures of both the bacterial reaction centre5,6 and 
the cyanobacterial PSII reaction centre7–9 have been resolved to atomic 
resolution by X-ray crystallography (Fig. 1), and they are similar. At the 
centre, each contains four bacteriochlorophyll or chlorophyll molecules, 
two bacteriopheophytin or pheophytin molecules and two quinone 
molecules, which are arranged in two quasi-symmetric branches. The 
bacterial reaction centre also contains one carotenoid molecule and the 
PSII reaction centre contains two peripheral chlorophyll a molecules 
called chlorophyll z, which are located at opposing sides of the complex, 
as well as two carotenoids that sit between each chlorophyll z and the 
centre of the complex. The pigments are non-covalently bound to two 
protein domains that are labelled A and B (or L and M) in the bacterial 
reaction centre and D1 and D2 in the PSII reaction centre. Each pigment 
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is named after its position in a specific branch. In the bacterial reaction 
centre, with the exception of the two central bacteriochlorophyll mol-
ecules that are together known as P (special pair), these pigments are 
called BA, BB, HA and HB (in which B represents bacteriochlorophyll and 
H represents bacteriopheophytin); in the PSII reaction centre, the pig-
ments are called PD1, PD2, ChlD1, ChlD2, PheD1, PheD2, ChlzD1 and ChlzD2 
(in which P, Chl and Chlz are chlorophylls and Phe is pheophytin).

The reaction centre pigments absorb sunlight, which is received 
directly or through light-harvesting antennas10, and have an important 
role in energy transfer and electron-transfer processes in the reaction 
centre. The protein component of the reaction centre (the matrix) main-
tains the pigments in certain positions in the complex and provides 
a specific environment for each, which enables the pigment–protein 
interactions that modulate the energy of the pigments to be controlled. 
In this sense, the protein acts as a ‘smart’ matrix. Each pigment therefore 
has a particular excited-state energy, which is determined by the pig-
ment’s interactions with the local environment. Furthermore, owing to 
the close proximity of the pigments, interactions between pigments are 
also present. The most prominent consequence of pigment–pigment 
interactions is the formation of excitons11, which are collective excited 
states in which the excitation is shared by (or delocalized over) more 
than one pigment (Frenkel excitons12 or bound electron–hole pairs). 
The pigment–protein complex is also continuously exposed to the fast 
nuclear motions of the atoms it contains (dynamic disorder) as well as 
to the slow motions of the protein matrix (static disorder). Dynamic 
disorder refers to intramolecular vibrations of the pigments and to col-
lective pigment or protein vibrations, namely phonons. Static disorder 
generates distinct protein configurations with specific pigment–protein 
and pigment–pigment interactions. As a consequence, at any moment, 
the sample ensemble contains a distribution of energetically different 
complexes.

Charge separation
The charge-separation process converts excitation energy into a sta-
ble charge-separated state. In isolated reaction centres that lack qui-
nones, the energy of the system relaxes to the lowest energy state in 
a few hundred femtoseconds13. In the primary electron transfer reac-
tion, the lowest energy state is converted into a charge-transfer state 
that is characterized by the localization of the electron and the hole on 
adjacent molecules. In the secondary electron-transfer reaction, the 
final charge-separated state (P+HA

– in the bacterial reaction centre and 

PD1
+PheD1

– in the PSII reaction centre) is generated in a few tens of 
picoseconds. Notably, further irreversible electron-transfer reactions 
occur in reaction centres in their native membranes; for reviews, see 
ref. 14 (bacterial reaction centre) and refs 15–17 (PSII reaction centre). 
It has been established that only one branch of pigments is active in 
charge separation: the A branch in the bacterial reaction centre18 and 
the D1 branch in the PSII reaction centre15.

The most suitable experimental methods with which to study the 
energy levels (or energy landscape) and the dynamics of the ultrafast 
events in photosynthetic complexes are spectroscopic techniques19. A 
variety of steady-state spectroscopic techniques that are sensitive to 
certain features (indicated by parentheses) are available: absorption 
spectroscopy (energy of the absorbing states), fluorescence spectros-
copy (energy of the lowest energy-emitting state), linear dichroism and 
circular dichroism (pigment interactions and orientations), triplet-
minus-singlet spectroscopy (energetic position of the triplet state and of 
the singlet state on which the triplet is formed) and Stark spectroscopy 
(charge-transfer character of excited states). To follow the dynamics of 
charge separation, time-resolved spectroscopic techniques are applied. 
For instance, transient absorption spectroscopy20 (also referred to as 
pump–probe spectroscopy) uses two ultrashort laser pulses, the exci-
tation (or pump) pulse and a white-light continuum that serves as the 
probe pulse. By temporally separating the probe pulse from the pump 
pulse, the dynamics of the energy transfer or electron transfer that is 
initiated by the pump can be observed through changes in absorption 
that are reported by the probe at certain points after excitation — that is, 
as a function of the delay between the pump and probe. Similarly, time-
resolved fluorescence can be measured at various points after laser pulse 
excitation. Another time-resolved technique, two-dimensional elec-
tronic spectroscopy21, which uses three laser pulses to generate the 
required response in the sample, has been applied to investigate the 
presence and role of quantum coherence and delocalization in energy-
transfer or electron-transfer processes.

Although spectroscopic techniques provide a vast amount of informa-
tion about the energy landscape and dynamics of photosynthetic com-
plexes, the high density of pigments in such complexes, in which several 
pigments absorb at similar energies, greatly complicates the assignment 
of absorption bands to specific pigments (or combinations of pigments) 
that were identified in the X-ray crystal structure. To overcome this spec-
tral congestion, modified reaction centres with tailored pigment–protein 
or pigment–pigment interactions have been generated, including ones 
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Figure 1 | Absorption spectra and X-ray structure of the bacterial reaction 
centre and the PSII reaction centre. a, The absorption spectrum of the 
bacterial reaction centre of Rhodobacter sphaeroides at 77 K is shown with the 
X-ray crystal structure of the complex (adapted from ref. 6). The locations 
of the pigments in the X-ray structure are highlighted and a band in the 
absorption spectrum has been assigned to each pigment. The carotenoid 
molecule is shown in yellow. The spectrum has been normalized to 1 at its 

absorption maximum. b, The 77 K absorption spectrum of the PSII reaction 
centre of spinach (Spinacia oleracea) is displayed with the X-ray crystal 
structure of the complex (adapted from ref. 9). The locations of the pigments 
in the X-ray structure are highlighted. The carotenoid molecules are shown 
in yellow. Owing to spectral congestion, the assignment of absorption bands 
to the pigments cannot be shown here (see Box 1). The spectrum has been 
normalized to 1 at its absorption maximum.
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in which pigments are removed22 or replaced23, and some with single 
amino-acid mutations in the protein24. By comparing the spectroscopic 
response of the wild-type complex to that of the modified complex, the 
excited-state properties of the targeted pigments can be assigned.

Theoretical modelling of experimental data has proved to be success-
ful in extending our understanding of the function of photosynthetic 
complexes. Such modelling assists in the interpretation of experimental 
data and  provides predictive power. It is also capable of simulating situ-
ations that are inaccessible to experiments, which enables researchers to 
go beyond the information that is contained in the experimental data. 
Here, our discussion is restricted to (modified) Redfield theory25, which 
facilitates the simultaneous and quantitative explanation of all spectral 
responses and dynamics of photosynthetic complexes using just one 
function that describes the coupling between pigments, the coupling of 
the electronic excited states (or excitons) of the pigments to the nuclear 
motion (including the phonon modes of the pigment–protein matrix 
and the high-frequency intramolecular vibrations of the pigments) and 
the static disorder. Once the spectral density of the exciton–phonon 
coupling has been specified (through experiments or first–principles 
calculations), the simultaneous and quantitative modelling of various 
steady-state and time-resolved spectral responses becomes possible. 
This permits one to build a unified physical picture that is able to explain 
both the steady-state spectra (using realistic line shapes) and the dynam-
ics of excitations that emerge from transient absorption spectroscopy, 
time-resolved fluorescence spectroscopy and two-dimensional elec-
tronic spectroscopy, which determine the pathways and timescales of 
energy transfer and electron transfer in photosynthetic complexes.

The first step towards comprehending charge separation is the analy-
sis of the absorption spectrum. Despite similarities in their structure, the 
absorption spectra of the bacterial reaction centre and the PSII reaction 
centre in the Qy region, in which the energy transitions (or absorption 
bands) that are involved in charge separation are found, are very differ-
ent (≈700–950 nm and ≈650–700 nm, respectively) (Fig. 1). Whereas 
the bacterial reaction centre presents three distinct absorption bands, 
the PSII reaction centre displays only one band. This variation in the 
energy landscape of the two systems is the result of a small structural 
difference in the central pigments of each (special pair P in the bacterial 
reaction centre and PD1 and PD2 in the PSII reaction centre). Although 
the distance between the pigment centres is similar in both (7.8 Å in the 
bacterial reaction centre6 versus 8.1 Å in the PSII reaction centre9), the 
relative orientation of the pigments is different. In the bacterial reaction 
centre, the orientation of the P pigments enables a good overlap of the 
central bacteriochlorophyll molecules, but in the PSII reaction centre, 
the relative orientation of PD1 and PD2 gives rise to a lower degree of 
overlap6,9,26. Consequently, in the bacterial reaction centre, the central 
bacteriochlorophyll molecules form a strongly coupled dimer (the spe-
cial pair P) and the other pigments (BA, BB, HA and HB) are regarded as 
being mostly monomeric owing to the large energy gap between them 
that considerably exceeds the pigment–pigment couplings. By contrast, 
in the PSII reaction centre, the energy gaps between the pigments are 
relatively small. As a result, all pigments (or combinations of pigments) 
absorb at similar energies and only one absorption band — which con-
tains several sub-bands — is observed. These differences in energy 
landscape give rise to distinct charge-separation dynamics. The bacte-
rial and PSII reaction centres share the capacity to perform ultrafast 
and efficient light-induced charge separation. However, a considerable 
and physiologically relevant difference is the fact that the PSII reaction 
centre is able to drive light-induced water oxidation, which requires 
an oxidation–reduction midpoint potential of at least 0.93 V at pH 5 
(ref. 27), whereas the bacterial reaction centre is unable to do so. (The 
oxidation–reduction midpoint potential of the generated final cation 
is 1.1–1.3 V for the PSII reaction centre15,28 and 0.50 V for the bacterial 
reaction centre29.)

Charge separation in the bacterial reaction centre
In the bacterial reaction centre, the special pair P is always the lowest 

excited energy state in the system. On excitation, the electronic energy 
therefore relaxes to form the P excited state (P*). The subsequent 
transfer of an electron to BA in 3 ps, and from BA to HA in 1 ps, gen-
erates the final charge-separated state P+HA

– in the sequence14,30 
P* → P+BA

– → P+HA
–. Experiments on a mutant bacterial reaction centre 

provided evidence for another ultrafast charge-separation pathway, in 
which the excited state of BA (BA*) can act as the primary electron donor 
without the involvement of P* (ref. 31). However, in vivo, this alternative 
pathway does not have a considerable role because the energy level of BA 
is too high for it to receive excitation energy from the light-harvesting 
complexes. Excitation of the P band in a mutant bacterial reaction cen-
tre showed that charge separation does not start from a vibrationally 
relaxed P*. Broadband transient absorption spectroscopy experiments 
revealed that P* is coupled to nuclear vibrations which, in turn, give 
rise to long-lived oscillations in signal amplitude (also referred to as 
quantum beats) that correspond to a coherent motion of the excited-
state vibrational wave packet in the P* potential32 (Box 1). Remarkably, 
in native and HA-modified bacterial reaction centres, a wave-packet-like 
motion could also be observed in the absorption band of the primary 
photoproduct P+BA

– (ref. 33). The amplitude of coherent oscillations 
in both the P* and P+BA

– bands is considerable during primary charge 
separation, which means that the physics of charge separation is more 
complicated than just tunnelling between two diabatic electronic states 
with equilibrated nuclear modes. The simplest scheme (Box 1) implies 
a strong mixing of the vibrational wavefunctions of the P*BA and P+BA

– 
states, which enables the coherent motion of the electron-vibrational 
wave packet between the two potentials. The Fourier spectrum of the 
oscillations in the stimulated emission of the reactant P*BA and in 
the absorption of the product P+BA

– contains two modes (30 cm–1 and 
130 cm–1), with a notable increase of the low-frequency 30 cm–1 mode 
in the photoproduct. The observation of oscillatory components also in 
the HA band supports the proposal that the 30 cm–1 mode results in the 
coherent formation of the final charge-separated state P+HA

–.
To describe the observed spectral evolution, electron-vibrational 

dynamics have been modelled using a density matrix equation with 
the Redfield superoperator in the basis of electron-vibrational states. 
The model includes two diabatic states: an excited state P* and a charge-
transfer state P+BA

–, each of which are coupled to two collective nuclear 
modes34. The mixing of diabatic states (with different displacements 
along each of the two nuclear coordinates) leads to a complicated poten-
tial energy surface that determines the dynamics of the excited-state 
wave packet. The model results in a quantitative fit of the experimen-
tal kinetics. The configuration of the two vibrational coordinates that 
are involved has an essential role in establishing the high efficiency of 
charge separation for both coherent and incoherent excitation. In par-
ticular, strong coupling to the 130 cm–1 mode enables effective electron 
transfer from the primary donor P* to the photoproduct P+BA

–, whereas 
strong coupling of the product state to the 30 cm–1 mode causes move-
ment of the P+BA

– part of the wave packet away from the crossing point, 
which therefore stabilizes the charge-separated state (Box 1).

Charge separation in the PSII reaction centre
In the PSII reaction centre, the primary electron donor from which 
charge separation starts is conventionally referred to as P680 (pigment 
that absorbs at 680 nm) (ref. 35). The extent of excitonic interactions 
between the pigments at the centre of the PSII reaction centre has long 
been debated. Some authors propose that these interactions can be 
neglected and that P680 should be viewed as a weakly coupled dimer 
of the central PD1 and PD2 chlorophyll molecules36,37, whereas others sug-
gest that the interactions between all six chlorins should be taken into 
account38–40 and that the central part of the PSII reaction centre should 
be viewed as a weakly coupled multimer of four chlorophyll and two 
pheophytin molecules. The multimer model39, in which the transition 
energies of the six central pigments are assumed to be equal and the 
couplings between adjacent pigments are similar, proposed the absence 
of a special pair in the PSII reaction centre. It also suggested that the 
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excitation is delocalized over various combinations of neighbouring pig-
ments that depend on the specific realization of the disorder. Although 
the multimer model enabled a reasonable description (a unified picture) 
of the spectra and dynamics41, it did not provide a good quantitative fit 
of the spectral shapes, owing to its non-realistic assumption about the 
site energies.

To better understand the energy landscape and dynamics of the PSII 
reaction centre, there has been a combined experimental and theo-
retical effort to assign the primary donor P680 to specific chlorophyll 
molecules or combinations. In 2001, the X-ray structure of PSII was 
determined at a resolution of 3.8 Å (ref. 7). It revealed the centre-to-
centre distance between the central PD1 and PD2 chlorophyll molecules 
to be 10.0 Å, which is greater than the equivalent distance (7.8 Å) in 
the bacterial reaction centre special pair5 and is consistent with the 

existence of weaker PD1–PD2 coupling in the PSII reaction centre, in 
line with the multimer model39. Determination of the PSII structure in 
2004 at a resolution of 3.5 Å (ref. 8) showed a shorter distance (8.2 Å) 
between PD1 and PD2, which supports the existence of a charge-sepa-
ration scheme in the PSII reaction centre that is similar to that of the 
bacterial reaction centre, with the central PD1 and PD2 chlorophylls acting 
as the primary donor. However, because the coupling of PD1 and PD2 
in the PSII reaction centre is weaker than the coupling of the special 
pair in the bacterial reaction centre, and because charge separation 
in the bacterial reaction centre can start from the central special pair 
bacteriochlorophylls as well as from the accessory bacteriochlorophyll 
BA (ref. 31), the discussion about the identity of the primary donor in 
PSII was prolonged24,42,43. The quantitative analysis of several spectral 
responses at different temperatures44 and time-resolved spectroscopic 

Box 1 Fig. (left) depicts the energy level scheme for the bacterial 
reaction centre, including the coherent motion (red arrows) of the 
excited-state wave packet from the donor (P*BA) to the primary 
photoproduct (P+BA

–). In a pump–probe experiment, the initial wave 
packet is created by the pump and the subsequent dynamics of the 
excited state are probed by detecting the stimulated emission of the 
donor and the absorption of the charge-separated product P+BA

–. The 
130 cm–1 mode triggers the motion of the wave packet and promotes 
penetration of the wave packet through the P+BA

– potential. A further 
reorganization of the P+BA

– state is induced by the 30 cm–1 rotational 
mode. Notably, although we depict a one-dimensional scheme, the 
130 cm–1 and 30 cm–1 modes are orthogonal to each other.

Box 1 Fig. (right) presents a simplified scheme of coherent energy 
transfer and primary charge separation in the PSII reaction centre. 
Subscript notations indicate the central absorption wavelength, and 
the superscript notations δ+ and δ– indicate charge-transfer character 
and δ* indicates exciton character.

For the PD1 charge-separation pathway, the coherent motion (thick 
red arrows) of the initial wave packet in the higher exciton state 
(PD2PD1)+*≈660 nm (orange) and relaxation to the lower exciton–charge-
transfer state (PD2

δ+PD1
δ–)−*≈675 nm (pink) is shown. Coherent charge 

separation leads to the formation of the mixed charge-transfer–exciton 
state (PD2

+PD1
–)δ*≈690 nm (dark red), which is followed by non-coherent 

transfer (thin red arrow) to form the final charge-transfer state 
PD1

+PheD1
– (green). Note that the intermediate charge-transfer state 

PD1
+ChlD1

– has been omitted for clarity. Coherent transfers are possible 
owing to coupling to the 340 cm–1 vibrational mode.

For the ChlD1 charge-separation pathway, non-coherent transfer 
(thin blue arrows) from the lowest exciton–charge-transfer state 
(ChlD1

δ+PheD1
δ–)*≈681 nm (light blue) to the localized (weakly coupled 

to the exciton manifold) charge-transfer state ChlD1
+PheD1

– (dark 
blue) and further transfer to the final charge-transfer state PD1

+PheD1
– 

(green) is shown. Coherent transfer (purple arrow) between 
the exciton–charge-transfer states (PD2

δ+PD1
δ–)–*≈675 nm (pink) and 

(ChlD1
δ+PheD1

δ–)*≈681 nm (light blue) is indicated. This coherent transfer 
corresponds to mixing between the two states that is promoted by 
the 120 cm–1 mode and that enables switching between the charge-
separation pathways. Wavy black arrows highlight the energy gaps 
between the exciton and charge-transfer states that are in quasi-
resonance with the two vibrational modes, 120 cm–1 and 340 cm–1. 
The participation of the pigments and the location of the charges in 
the relevant states is superimposed on the X-ray crystal structure of 
each (adapted from ref. 9). Note that although we have presented a 
simplified one-dimensional scheme, in reality, the PSII reaction centre 
has a multidimensional energy landscape in which each state has its 
own configuration coordinates.

BOX 1

Coherent charge separation in reaction centres
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experiments45,46 provided evidence to show that the accessory ChlD1 
is the primary electron donor and that PheD1 is the primary electron 
acceptor. A charge-separation sequence was therefore proposed:  
RC* → ChlD1

+PheD1
– → PD1

+PheD1
–,  in which RC* represents the excited 

state of the reaction centre that is mainly localized on ChlD1.
A quantitative description of various PSII reaction centre spectro-

scopic data26,44,47,48 was facilitated by the use of modified Redfield the-
ory25, which explicitly includes pigment–pigment (exciton) interactions 
and coupling to phonons, and gives realistic spectral line shapes and 
relaxation rates. The site energies of all of the pigments were unam-
biguously determined by the simultaneous fit of several steady-state 
spectra: absorption, fluorescence, linear dichroism, circular dichroism 
and singlet-minus-triplet spectra at different temperatures, as well as 
the absorption spectra of modified reaction centres such as those with 
PheD1 or PheD2 modifications  or those that lack one Chlz44,48. Modified 
Redfield theory was also used to describe the dynamics of charge separa-
tion by modelling time-resolved experimental data47. The latter applica-
tion of the modified Redfield theory48 includes mixing of the excited 
states with the charge-transfer states by including the fit of the Stark 
spectrum, which is sensitive to the energy of the charge-transfer states 
and the mixing of exciton and charge-transfer states. The best fit was 
found to correspond to a primary charge-transfer state (that is mixed 
with the excited states) in the central PD1 and PD2 chlorophylls (PD2

+PD1
–). 

This configuration opens the possibility that charge separation may 
start not only from the previously proposed ChlD1 primary donor, but 
also through direct exciton-type relaxation from the low-energy exciton 
state that is delocalized over PD1 and PD2 to the PD2

+PD1
– charge-transfer 

state. Notably, the primary ChlD1
+PheD1

– charge-transfer state also gave 
a reasonably good fit to the Stark spectrum. These findings led to the 
idea of the co-existence of at least two charge-separation pathways in 
the PSII reaction centre48.

Two charge-separation pathways
In 2010, the presence of two different charge-separation pathways in the 
PSII reaction centre was demonstrated experimentally49, a finding that 
was supported further by modelling50. The experimental data consisted 
of a detailed transient absorption spectroscopy study: nine experiments 
(under different excitation conditions) were performed that simultane-
ously probed all relevant absorption bands (the main band at 680 nm 
and the PheD1 bands at 545 nm (PheD1*/PheD1

–) and 460 nm (PheD1
–)) 

and monitored all timescales that are relevant to charge separation. The 
combination of these nine experiments with the application of global 
and target analysis51 enabled the two charge-separation pathways of the 
PSII reaction centre to be determined unambiguously. Another advan-
tage of the modifed Redfield model48 is its use of a realistic (experi-
mentally determined) spectral density of electron–phonon coupling, 
which includes coupling to a manifold of high-frequency vibrations. 
This facilitated the correct estimation of the relaxation dynamics, ena-
bling the quantitative fit of the transient absorption spectra50.

Mixed exciton–charge-transfer states
Further experimental data has confirmed the presence of two charge-
separation pathways in the PSII reaction centre. The application of 
Stark spectroscopy, which is sensitive to the presence of charge-transfer 
states, to a series of eight site-directed mutants with modifications that 
are close to the pigments that are directly involved in charge separa-
tion (PD1, PD2, ChlD1 and PheD1) enabled the first determination of the 
excited states that are capable of initiating charge separation, in terms 
of pigment composition, central absorption wavelength and charge-
transfer character52. The two lowest-energy excitons were found to be 
strongly mixed with the charge-transfer states (as proposed previously, 
by theory48). In other words, the mixed exciton–charge-transfer state 
exhibits a non-uniform electron density distribution. Consequently, the 
observed charge-transfer state has exciton character. This mixing creates 
channels for ultrafast charge separation owing to the similarity between 
the electronic-density distribution of the reactant (an exciton state with 

charge-transfer character, known as the exciton–charge-transfer state) 
and the product (a charge-transfer state with exciton character, known 
as the charge-transfer–exciton state) of the charge-separation reaction. 
The states that are capable of starting charge separation are shown in 
Box 1 and the observed charge-separation pathways30,49,52 are:

(ChlD1
δ+PheD1

δ–)*≈681 nm → ChlD1
+PheD1

– → PD1
+PheD1

–

for the ChlD1 pathway and

(PD2
δ+PD1

δ–ChlD1)*≈675 nm → (PD2
+PD1

–)δ*≈690 nm → PD1
+ChlD1

–  → PD1
+PheD1

–

for the PD1 pathway, 

in which the wavelength values indicate the central absorption wave-
length, δ+ and δ– indicate charge-transfer character and δ* indicates 
exciton character. Because the charge-transfer states are optically 
dark and have not yet been observed spectroscopically53, no central 
wavelength is indicated. Given that the participation of ChlD1 in the 
(PD2

δ+PD1
δ–ChlD1)*≈675 nm state is small, for clarity, we omit ChlD1 from 

this state in the text that follows. The observed PheD1
– formation occurs 

on both sub-picosecond and picosecond timescales; whereas the sub-
picosecond formation is described by the ChlD1 pathway, the picosecond 
formation can be explained only by the PD1 pathway49,50. As a result, the 
identity of the primary electron donor could finally be solved. P680 is 
not a single entity as both (ChlD1

δ+PheD1
δ–)*≈681 nm and (PD2

δ+PD1
δ–)*≈675 nm 

can act as the donor, depending on the specific realization of the disor-
der. We therefore propose that the term P680 is abandoned for several 
reasons: one of the electron donors absorbs at around 675 nm rather 
than around 680 nm; the donor is not just one state; and, most impor-
tantly, the term P680 is an oversimplification and is therefore incor-
rect. For investigations that do not deal with the early events of charge 
separation, we suggest that the term RC* is used instead of P680*. And 
to describe the site of cation stabilization, PD1

+ should be used in place 
of P680+.

Dynamic coherence reveals functional inner coherence
By 2012, the precursor states, pathways and timescales of charge sepa-
ration had been identified. However, the precise mechanism that is 
responsible for the high efficiency of charge separation remained 
unknown. One plausible mechanism is the presence of quantum delo-
calization in the states that are involved in charge separation. This 
proposal was triggered by the observation of long-lived electronic and 
electron-vibrational coherences in light-harvesting complexes54–62, as 
well as in oxidized bacterial reaction centres that are unable to perform 
charge separation63,64.

The coherences that were observed in photosynthetic complexes by 
two-dimensional electronic spectroscopy as oscillations in signal ampli-
tude57,65 correspond to dynamic coherence between the electronic states 
(excitons, exciton–charge-transfer states or charge-transfer states) of 
the system. This dynamic coherence is created only on excitation with 
laser light, which is coherent and ultrafast, and cannot be produced in 
natural photosynthesis, which operates under illumination with sun-
light, which is incoherent and non-ultrafast. However, the presence 
of long-lived dynamic coherence is a signature of inner (steady-state) 
coherence (coherent mixing within electronic states), which leads to 
the delocalization of excitation energy over several pigments or states, 
including charge-transfer states. This delocalization is an intrinsic and 
time-independent property of the system that is operational in natu-
ral photosynthesis, which means that it has a strong influence on the 
promotion of high-speed and efficient charge separation in reaction 
centres. In particular, primary charge separation can be sped up by 
vibration-assisted delocalization between the excited electron donor 
and the first charge-transfer state (as explained in Fig. 2). Delocaliza-
tion enables a directed transfer along several pathways in space66, which 
produces the conversion of excitation energy on ultrafast timescales 
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and makes these processes less sensitive to energetic disorder, avoiding 
energy losses and providing efficiency.

The observation of long-lived dynamic coherence in photosynthetic 
complexes is remarkable because these complexes are warm, wet and 
noisy; therefore, in principle, no sustained dynamic coherence was 
expected to survive in such a fluctuating environment. The long-
lived character of the observed coherences was initially proposed to 
arise from the coupling of vibrations to the electronic states, which 
is known as the vibration-assisted electronic (vibronic) coherent 
mechanism67–76.

Coherence in the PSII reaction centre
Indeed, by combining the results of the two-dimensional electronic 
spectroscopy experiment and Redfield theory, it has been demonstrated 
that long-lived dynamic coherence is present in the PSII reaction centre 
at physiological temperature (277 K) and that there is a strong correla-
tion between the degree of inner coherence and the efficiency of charge 
separation77–79. The dynamic coherence observed is active during charge 
separation for at least 1 ps at both physiological temperature77 and cryo-
genic temperature (77 K)77,80. The vibronic coherent mechanism77–80 
promotes the functionally relevant inner coherence in the PSII reac-
tion centre. In this mechanism, matching of a pigment’s intramolecular 
vibrational mode with the energy differences that exist between the exci-
ton and the charge-transfer states (or between charge-transfer states) 
promotes mixing of the zero-phonon level of the electron donor with the 
first vibrational sub-level of the acceptor. This mixing produces vibronic 
states that are delocalized over the two electronic states (Fig. 2), which 
speeds up electron transfer from donor to acceptor78,79.

In the PSII reaction centre, the dominant vibrational modes of chlo-
rophyll, as observed by two-dimensional electronic spectroscopy, are 
120 cm–1, 340 cm–1 and 730 cm–1 (±20 cm–1) (ref. 77). Depending on the 
degree of exciton mixing within these coherences, they can be classi-
fied as electronic (120 cm–1), mixed electron-vibrational (340 cm–1) or 
purely vibrational (730 cm–1)78,79 (Box 2). The 120 cm–1 mode mixes the 
two lowest-energy exciton–charge-transfer states, (PD2

δ+PD1
δ–)*≈675 nm and 

(ChlD1
δ+PheD1

δ–)*≈681 nm, and effectively delocalizes the initial excitation 
over these states, which promotes switching between the PD1 and ChlD1 
pathways (Box 1 and Fig. 2). This mixing and the resulting delocaliza-
tion has crucial consequences for the functionality of the PSII reaction 
centre: it enables the system to simultaneously sample the ChlD1 and PD1 
charge-separation pathways and to therefore select the most optimal 
pathway in accordance with the specific realization of the disorder. The 
340 cm–1 mode promotes energy and electron transfer between the states 
(PD2PD1)+*≈660 nm, (PD2

δ+ PD1
δ–)–*≈675 nm and (PD2

+PD1
–)δ*≈690 nm. The dynamic 

coherence between these states is observed in two-dimensional elec-
tronic spectroscopy as quantum beats with a frequency of around 
340 cm–1. The electron-vibrational resonance mixing of the excited and 
charge-transfer states that contribute to these states promotes ultrafast 
and efficient charge separation (Fig. 2). The 730 cm–1 mode has a higher 
energy than most exciton splittings. This coherence is therefore mainly 
vibrational, which means that it corresponds to a wave-packet motion 
along an individual excited state potential and does not have a consider-
able role in the charge-separation process.

Design principles
A combination of the knowledge obtained on the PSII reaction centre by 
spectroscopic experiments and modified Redfield theory has changed 
our understanding of light-driven photosynthetic charge separation. 
The PSII reaction centre has found several complementary and inter-
related solutions to ensure that almost 100% efficiency is achieved 
in charge separation, as well as to avoid energy losses, which are the 
expected consequence of its intrinsically disordered energy landscape. 
The disorder problem is probably the same as those found in sustainable 
and affordable energy-conversion systems that are based on abundant 
materials. Current knowledge on the mechanisms of charge separation 
can be summarized by four principles that aim to provide a guide for 
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Figure 2 | Resonant vibrations promote effective charge separation. a, b, 
The effect of the absence (a) or presence (b) of resonance between a vibrational 
mode and the energy gap between exciton and charge-transfer states on 
electron-vibrational mixing (top panels) and charge-separation dynamics 
(bottom panels). This electron-vibrational resonance in the one-dimensional, 
two-state case is based on a numerical example presented in ref. 78 but 
recalculated with slightly different parameters. The nuclear coordinate (x axis 
of all panels, using the same scale) represents a collective nuclear coordinate 
in a multidimensional configuration space that describes the coupling of the 
electronic excitation to many nuclear modes (such as phonons and vibrations). 
Coupling between the diabatic electronic states is 150 cm–1. The dimensionless 
displacement in nuclear coordinates for the non-mixed diabatic state is –1.7 for 
the exciton and 1.7 for the charge-transfer state. (Mixing induces a slight shift 
from these values.) The displacement of the ground state is –3.4. The dynamics 
are calculated using Redfield theory in the exciton-vibrational basis at 77 K. 
The potential wells (black lines, top panels) represent the mixed wells for the 
exciton (left well) and the charge-transfer state (right well), which are coupled 
to a 340 cm–1 vibrational mode (this energy level is indicated by a dashed black 
line). Blue and red lines show the vibronic wavefunctions of the exciton and 
the charge-transfer state, respectively. In the non-resonant case (a, top), with 
an energy gap of 290 cm–1, the vibronic wavefunctions do not overlap, and the 
exciton and the charge-transfer state remain mostly localized in their own 
potential well. Yet in the resonant case (b, top), with an energy gap of 340 cm–1, 
the vibronic wavefunctions do overlap, and the exciton and the charge-transfer 
state become mixed and delocalized over both potential wells. Mixing has a 
dramatic effect on the dynamics of electron transfer from the exciton to the 
charge-transfer state (bottom panels). Impulsive excitation of the exciton state 
creates a wave packet that oscillates between the potential wells of the exciton 
and the charge-transfer state with a 100-fs period, which corresponds to the 
340 cm–1 vibrational mode. The time-dependent shape of the vibronic wave 
packet (normalized to unity) is shown by the heat map (coloured scale, inset). 
Localization of the wave packet at the bottom of the potential well is associated 
with the relative population of a state. In the non-resonant case (a, bottom), 
the wave packet takes 2.3 ps to create a significant population of the charge-
transfer state. But in the resonant case (b, bottom), the penetration of the 
wave packet into the charge-transfer state is 3.3-fold faster, and it takes 0.7 ps 
to achieve a significant population of this state. This difference, by preventing 
back transfers, provides the charge-separation reaction with directionality 
and efficiency. Adapted from ref. 78 with permission from the PCCP Owner 
Societies.
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●● Electronic coherence Pigment–pigment coupling produces a 
manifold of exciton states that are delocalized over a combination 
of pigments (Box 2 Fig., top left). Numbers 1, 2 and 3 represent 
pigments, the top three horizontal black lines represent exciton states 
and the size of the black circles represents the participation ratio of 
the pigments in each exciton. The magenta, green and blue bands 
show the absorption lineshapes of the individual exciton states; the 
amplitudes are proportional to the transition dipole strength of each 
exciton. Coherent superposition of elementary pigment excitations 
in a collective exciton state (or inner coherence) can be reached by 
the selective excitation of individual exciton states. Non-selective 
(broadband) excitation of several excitons (blue arrows) produces a 
coherent superposition of these exciton states (blue ring). This gives 
rise to dynamic coherence, which creates a localized wave packet (grey 
bands) that oscillates (red arrow) between the sites involved in the 
excited collective states with a period that corresponds to the energy 
splitting between these exciton energy levels. Wave-packet motion 
is visualized as amplitude oscillations of, for instance, the transient 
absorption or the two-dimensional electronic-spectroscopy signal.

The 120 cm–1 two-dimensional frequency map of the PSII reaction 
center (Box 2 Fig., bottom left; reproduced from ref. 77), which 
contains a peak below the diagonal (cross-peak), is shown as an 
example of mainly electronic coherence78,79. Red areas correspond to 
the maximum signal amplitude and dark blue regions correspond to 
zero amplitude. The vertical and horizontal displacements from the 
diagonal of the cross-peak are equal to the energy of the vibrational 
quantum, which is 120 cm–1 in this case.

●● Mixed electron-vibrational coherence Exciton mixing of two 
electronic states that are coupled to a vibrational mode results in 
a complicated manifold of electron-vibrational (vibronic) states 
(Box 2 Fig., top centre). The potential wells (curved lines) for the 
excited state 1 (top left) and the excited state 2 (top right), as well 
as the ground state (bottom) are shown. The blue curves indicate 
diabatic (non-mixed) potentials whereas the red curves indicate 
the exciton state (mixed) potentials. The magenta and green bands 
represent the absorption lineshapes of the individual vibronic states, 
with amplitudes proportional to the transition dipole strength of each 
state. Each vibronic state is a superposition of the vibrational sublevels 

of the two states. The vibronic wavefunctions in magenta have a 
predominant contribution of state 1, whereas those in green have a 
predominant contribution of state 2. Coherent excitation of several 
vibronic levels produces a wave packet (grey bands) that is localized 
in the nuclear and electronic coordinate (real space). (The initial wave 
packet is localized in site 1.) The coherent motion of this wave packet 
(red arrow) determines both the electronic and vibrational amplitude 
oscillations of the two-dimensional electronic-spectroscopy signal.

The 340 cm–1 two-dimensional frequency map of the PSII reaction 
center (Box 2 Fig., bottom centre; reproduced from ref. 77) exemplifies 
mixed vibronic coherence78,79. This map shape emerges when the 
vibrational frequency is in resonance with the energy gap of the 
electronic states. Although it resembles the map for vibrational 
coherence (see Box 2 Fig., bottom right), the most intense cross-peak 
exhibits an increased amplitude owing to the contribution of vibronic 
mixing between the electronic states78,79. The vertical and horizontal 
displacements from the diagonal of the most intense cross-peaks are 
equal to the energy of the vibrational quantum, which is 340 cm–1 here.

●● Vibrational coherence Vibrational states that are associated with 
a pigment’s ground state (bottom potential well) and excited states 
(top well) are delocalized over the effective nuclear coordinates 
(Box 2 Fig., top right). The magenta, green and cyan bands represent 
the absorption lineshapes of the individual vibrational states, with 
amplitudes proportional to the transition dipole strength of each 
state. Coherent excitation of many vibrational sublevels produces a 
vibrational wave packet (grey bands) that localizes near the boundary 
of the excited-state potential well, which oscillates (red arrow) in the 
potential energy surface with a period that corresponds to the energy 
difference between the vibrational sublevels.

The 730 cm–1 two-dimensional frequency map of the PSII 
reaction centre (Box 2 Fig., bottom right; reproduced from ref. 77) 
exemplifies vibrational coherence78,79. This map shape emerges when 
the oscillating frequency is far from that of the energy gaps of the 
electronic states. Pure vibrational coherence produces the chair-type 
structure, which has an intense diagonal component and weak cross-
peak components78,79. The vertical and horizontal displacements from 
the diagonal of the most intense cross-peaks are equal to the energy of 
the vibrational quantum, which is 730 cm–1 here.
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the design and construction of robust and efficient human-made energy 
conversion systems.

The mixing of exciton states with charge-transfer states
Charge separation in the photosynthetic reaction centre (after long-
range migration of excitation energy in the light-harvesting antenna) 
should be irreversible to prevent back transfers to the antenna, in which 
the excitation could be lost or trapped. To compete with back transfers, 
the charge-separation event, which starts with a high-energy exciton 
state and relaxes to a dynamically localized low-energy charge-transfer 
state, must be as fast as possible. The quasi-classical energy ‘hopping’ 
between non-mixed excitons and charge-transfer states is slow enough81 
to enable back transfer to the antenna. In principle, a quantum super-
position (or mixing) of the two states can create much faster transfers 
from the exciton to the charge-transfer state. However, overlap of the 
zero-phonon levels of the exciton and the charge-transfer state is mini-
mal, owing to the strong displacement along nuclear coordinates of 
the charge-transfer zero-phonon state, which is the result of the strong 
coupling of the charge-transfer state to phonons. Consequently, the mix-
ing of the electron donor and acceptor is not so pronounced, even when 
there is strong electrostatic coupling between them.

Resonant vibrations
Exciton–charge-transfer mixing can be dramatically enhanced in the 
presence of an intramolecular vibrational quantum with an energy that 
is close to the energy gap between the exciton and charge-transfer states. 
The involvement of a resonant vibration promotes the exciton–charge-
transfer interaction owing to the mixing of the electronic zero-phonon 
origin of the exciton with a vibrational sublevel of the charge-transfer 
state, which creates the non-classical penetration of the exciton into 
the charge-transfer potential and speeds up charge transfer (Fig. 2). 
Although this is the case for the PSII reaction centre, so far, there is no 
experimental evidence to support such electron-vibrational resonance 
in the bacterial reaction centre. As well as the mixing between pigments 
or between the exciton and charge-transfer states, strong coupling to 
vibrations inseparably mixes the Qx and Qy transitions in chlorophyll a 
pigments82, which therefore changes the polarization of the lowest Qy 
band and affects the steady-state pigment–pigment or exciton–charge-
transfer coherences. We note that the vibration-assisted coherent mech-
anism is less important for the transfer of energy between pure exciton 
states in the light-harvesting antenna because the relative displacements 
between these states are not as large as those between the exciton and 
charge-transfer states. Therefore, the overlap between the zero-phonon 
levels of the antenna excitons is optimized for the efficient transfer of 
energy, even in the absence of vibration-assisted mixing.

Control of charge separation by the smart protein matrix
The protein conformation-induced modulation of the energy gaps 
between states that creates and destroys the mixing of the exciton and 
charge-transfer states enables switching between charge-separation 
pathways. The possibility of using more than one pathway increases 
the probability of having at least one effective channel of charge trans-
fer in a disordered system, which provides functional flexibility and 
avoids the trapping of excitation in unproductive states. Notably, the 
coherent exciton–charge-transfer mixing that is assisted by vibrations 
occurs within states (inner coherence) and therefore increases the rate 
of charge separation in a particular direction (that corresponds to a 
particular pathway), not only on coherent excitation but also in natural 
photosynthesis.

Control of vibronic coherence by the smart protein matrix
The exciton–charge-transfer mixing that is controlled by the smart 
protein matrix promotes the fast and efficient formation of the charge-
transfer state. However, this formation must be irreversible to avoid back 
transfer to the antenna. Both initial coherence and subsequent decoher-
ence (or dephasing) are therefore needed for efficient charge transfer. 

The protein matrix is characterized by a rich manifold of vibrational 
modes, some of which it uses to create the fast coherent population of 
the charge-transfer state. The remaining modes induce dephasing that 
stabilizes the primary charge-transfer photoproduct. In the bacterial 
reaction centre, a special mode was found to stabilize the photoproduct: 
the 30 cm–1 mode that was assigned to the rotation of a water molecule 
that is located between the special pair P and the accessory bacteriochlo-
rophyll BA (ref. 33). Other modes might also contribute to dephasing 
and reorganization in the charge-transfer potential. In the PSII reaction 
centre, no specific modes with responsibility for dephasing have been 
found. The dephasing and dynamic localization in the primary charge-
transfer state are probably a result of the simultaneous action of many 
phonon or vibrational modes. We propose that the coupling of specific 
vibrations to electronic states, both for coherence and decoherence, 
may be a general strategy that is used in nature to selectively drive an 
electronic process and to provide directionality83.

The quantum design principles that are active in photosynthetic 
reaction centres are connected to the phenomenon of inner coher-
ence, which leads to delocalization (including the vibration-assisted 
delocalization of electronic states) that increases the effectiveness of 
charge separation, not only on coherent and impulsive laser excitation 
that is used in two-dimensional electronic spectroscopy, but also on 
non-coherent, non-impulsive solar illumination under natural con-
ditions. We therefore propose that the four design principles that we 
have discussed can be applied to the development of new solar-energy 
technologies.

Application of the design principles
A human-made energy conversion system should fulfil several require-
ments to exploit the benefits of the design principles of charge separa-
tion that we present. We propose a bio-inspired approach that aims to 
understand the mechanisms that promote the desired functionality so 
that the underpinning natural design principles can be implemented in 
human-made systems. This approach enables and requires researchers 
to develop innovative and creative strategies for translating these natural 
principles into those that can be applied to human-made systems and 
that have the potential to adapt the functionality of the natural system 
to the requirements of people and can even outperform nature, in terms 
of stability and robustness.

So far, several elegant and promising approaches have been presented 
for photovoltaic or solar-to-electricity (dye-sensitized solar cells84,85 
and other (organic)-photovoltaic systems86) and solar-to-fuel (arti-
ficial leaf 87) energy conversion. In all of these systems, energy losses 
that result from the charge recombination of the initial excitons, the 
charge-transfer state or the charge-separated state are caused mainly 
by energetic disorder in the materials that they comprise. This issue 
can be overcome by applying the design principles that are presented in 
this Review, including delocalization88,89 and resonant vibrations88,90,91, 
by promoting the rapid forward and irreversible transfer of energy and 
electrons in disordered systems.

Basic elements
Two elements are required for the design and construction of a bio-
inspired charge-separation unit: chromophores (light-absorbing and 
charge-separating molecules) and a matrix that maintains the position 
of the chromophores and tunes their electronic properties. To maximize 
the absorption of solar light, chromophores must have high absorption 
coefficients and a broad absorption range, requirements that are usually 
achieved through conjugated molecules such as porphyrins, chlorins, 
carotenes, bilins, quinones and flavins. Combinations of chromophores 
can be used to absorb an even broader range of the solar spectrum. 
The selected chromophores should also be able to participate in energy 
and electron transfer processes. Furthermore, the vibrational structure 
of the chromophores should be taken into account to incorporate the 
required resonance between exciton–charge-transfer energy gaps and 
the vibrations of the chromophores. The matrix should contain specific 
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sites to bind the chromophores through chromophore–matrix interac-
tions, either covalently or non-covalently. It should also be rigid enough 
to maintain the chromophore–chromophore interactions that are cre-
ated but sufficiently flexible to enable certain levels of static disorder so 
that the energy gaps between chromophores fluctuate slightly, which 
facilitates a higher probability of exciton–charge-transfer resonance 
with specific vibrational modes. Such a matrix could be attained by 
supramolecular structures92 such as organogels93 or other polymers, 
DNA origami94 or synthetic proteins95.

Excitons and charge-transfer states
To promote and control excitonic interactions between chromophores, 
the position of the chromophores with respect to each other, which 
refers to the distance between and the relative orientation of their 
transition dipole moments, should be carefully chosen to obtain the 
desired energy landscape. For example, the head-to-tail and sandwich 
configurations are relative orientations in a dimer that give rise to dif-
ferent energy landscapes (see ref. 11 for a detailed explanation of the 
excitonic dimer properties). The advantages of creating excitons are 
numerous and include: the generation of broader absorption bands 
owing to spreading of the excitonic transitions; faster energy transfer 
from high- to low-energy states through exciton relaxation in clusters of 
strongly coupled chromophores; faster migration between delocalized 
exciton states from other clusters; fewer energy- or electron-transfer 
steps to reach the final state; and robustness against local minima owing 
to delocalization. Although the generation of broader absorption bands 
increases the energy that is available, the other advantages reduce the 
probability of energy loss.

The required charge-transfer states can be created by modifying the 
electronic distribution of the chromophores by means of specific inter-
actions with their environment, which includes nearby chromophores 
or the matrix. For instance, the electron density around the chromo-
phores can be modified by introducing charges, hydrogen bonds or dis-
persive interactions (through a polarizable environment). The strategy 
that involves the insertion of hydrogen bonds has proved effective in 
increasing the oxidation–reduction midpoint potential of the special 
pair in the bacterial reaction centre27,29.

Exciton–charge-transfer mixing by resonant vibrations
The vibrational spectrum of the chromophore has a crucial role in 
promoting the mixing of excitons with charge-transfer states. Selected 
intramolecular vibrations should match the difference in energy that 
exists between the excitons and charge-transfer states and therefore 
couple strongly to the relevant electronic states.

Control of charge-separation pathways by the smart matrix
After several mixed exciton–charge-transfer states have been engi-
neered into the system, inevitably, a number of charge-separation 
pathways will emerge. Although this means that the desired multiple-
pathways principle has been achieved, special care should be taken to 
avoid back reactions (by stabilizing the product state17) and to avoid 
unproductive charge-separation pathways.

Control of vibronic coherence by the smart matrix
When introducing a chromophore into a matrix, it should be taken 
into account that chromophore–chromophore interactions as well as 
chromophore–matrix interactions modify the electronic and vibra-
tional energy levels of the chromophore. We propose to determine the 
energy landscape of and to investigate the presence of delocalization, 
exciton–charge-transfer mixing and electron-vibrational matching in 
the human-made energy conversion system by applying absorption 
spectroscopy, linear dichroism and circular dichroism, fluorescence 
spectroscopy, Stark spectroscopy and two-dimensional electronic 
spectroscopy. If delocalization, exciton–charge-transfer mixing and 
electron-vibrational matching are all present, the system would be 
expected to perform charge separation on an ultrafast timescale and 

with high efficiency. However, if any of these features have not been 
accomplished, further interactions should be included or new chromo-
phores should be selected.

Devices for solar-energy conversion
After an efficient bio-inspired charge-separation unit has been designed 
and constructed, the holes and electrons that are created should be har-
vested for use. In the solar-to-electricity approach to energy conversion, 
the charge-separation unit should be connected to electrodes to collect 
the electrons that are generated on the absorption of light. We note that 
this is not a trivial procedure, owing to, for instance, the presence of 
competing charge-separation pathways at the PSII–electrode interface96. 
Furthermore, the solar-to-electricity approach is affected by two main 
problems: the intermittency of solar light (little or no light is available 
during the night or on cloudy days) and storage of the energy that is 
generated.

We therefore propose the solar-to-fuel approach, which goes one 
step further than the solar-to-electricity method: it provides a fuel that 
contains solar energy stored in chemical bonds in a liquid or a gas that 
can be efficiently stored and transported for later use97. To that end, the 
charge-separation unit must be coupled to catalysts to drive the split-
ting of water (at the oxidation site) and the production of a fuel (at the 
reduction site). This approach imposes one constraint on the charge-
separation unit: the oxidation–reduction midpoint potential of the 
oxidation and reduction sites should fulfil the respective requirements 
of driving the oxidation of water and generating the fuel, as well as over-
come the overpotential that is imposed by each of the catalysts. Another 
complexity of this approach resides in the fact that the timescales of 
ultrafast charge separation and slower catalysis must be synchronized.

The next steps
One of the biggest challenges for the field of quantum biology is to 
investigate and demonstrate whether non-trivial quantum effects 
have an essential role in fundamental processes such as the transfer 
of energy, electrons, hydrides and proton-coupled electrons, as well 
as in photoisomerization reactions. These processes form the basis of 
photosynthesis, catalysis, the sense of vision and the sense of smell; all 
hold fundamental relevance as well as great promise for technological 
applications.

In photosynthesis, specifically, two next steps are evident. The first 
will be to demonstrate experimentally whether coherence correlates 
with efficiency, for instance, by applying two-dimensional electronic 
spectroscopy to mutants98 of various charge-separation efficiencies and 
disrupted resonance between electronic states and pigment vibrations. 
And the second will be to study larger and more intact photosynthetic 
supercomplexes, or even whole photosynthetic bacterial cells99,100, to 
investigate whether coherence can extend over large distances.

Other directions for research include the investigation of the role of 
coherence in existing human-made solar-energy conversion systems 
such as photovoltaic or nanophotonic devices. Last, but not least, it is 
of vital importance that human-made energy conversion systems are 
designed and constructed on the basis of the quantum design principles 
of photosynthesis that we have presented in this Review. ■
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