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Light-induced charge-transfer mechanisms are at the heart of both photosynthesis and photovoltaics. The underlying photophysical mechanisms occurring within photosynthesis and organic photovoltaics in particular show striking similarities. However, they are studied by distinct research communities, often using different terminology. This contribution aims to provide an introductory review and comparison of the light-induced charge-transfer mechanisms occurring in natural photosynthesis and synthetic organic photovoltaics, with a particular focus on the role of so-called charge-transfer complexes characterized by an excited state in which there is charge-transfer from an electron-donating to an electron-accepting molecular entity. From light absorption to fully separated charges, it is important to understand how a charge-transfer complex is excited, forming a charge-transfer state, which can decay to the ground state or provide free charge carries in the case of photovoltaics, or radicals for photochemistry in photosynthetic complexes. Our motivation originates from an ambiguity in the interpretation of charge-transfer states. This review attempts to standardize terminology between both research fields with the general aim of initiating a cross-fertilization between the insights and methodologies of these two worlds regarding the role of charge-transfer complexes, inspiring the cross-disciplinary development of next-generation solar cells. Likewise, we hope to encourage photosynthesis researchers to collaborate with the photovoltaics field, thereby gaining further knowledge of the charge-transfer process in natural light-harvesting systems.
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1 INTRODUCTION
One of the most critical global challenges nowadays is the development of low-cost, durable, and environmentally-compatible energy sources. Later this century, Earth’s population will reach 10.9 billion, according to estimates by the UN (UnitedNations, 2019). It is, therefore, more important than ever to look for a globally accessible energy source. Due to global challenges such as climate change, increased energy demand, and human overpopulation, there is growing pressure to improve both natural and artificial light-harvesting systems further. To answer global demand, we need crops that are more resilient to droughts and sudden changes in temperature and yield more for the same area (Lopes et al., 2015). Simultaneously, to decrease the emission of greenhouse gasses, renewable energy technology needs to be low-cost, durable, and highly efficient. Each hour, the Sun delivers enough light energy to cover the worldwide electricity need for an entire year (Armaroli and Balzani, 2007; IEA, 2021). Solar energy is, therefore, one of the most encouraging candidates as a renewable energy source for future society.
Nature has been using sunlight for energy production for a long time through the process of photosynthesis (PS); the first cyanobacteria able to split water and fixate carbon dioxide appeared around 2.4 billion years ago (Rasmussen et al., 2008; Gorka et al., 2021). The photosynthetic system can convert water and carbon dioxide into sugars and oxygen, driven by the absorption of sunlight. It uses pigments that absorb efficiently and in a broad range of the visible spectrum. However, not all energy from the Sun is converted to biomass. The theoretical maximum conversion efficiency of solar radiation into biomass lies around 6% (Zhu et al., 2008) (for plant species based on C4 photosynthesis), and average values in natural conditions typically reach only 0.1% (Chapin et al., 2002). The exact nature behind the loss mechanisms in energy conversion and energy transfer will be elaborated upon later when we clarify how a considerable portion of energy loss—often more than half of the incoming photon energy—occurs before charge separation at the reaction center of the photosynthetic apparatus (Golbeck and van der Est, 2014; Gorka et al., 2021). PS is therefore not a highly efficient process regarding energy conversion, but it is a robust one and serves the purpose of fueling the organism’s growth and survival.
Artificial light-energy conversion systems such as photovoltaics convert sunlight into electrical energy, which can be used to charge up a battery or power a device. Similar to PS, these systems cannot convert all the energy of incoming sunlight into usable electrical power. Single junction solar cells without complex light concentration systems have a theoretical maximum energy conversion efficiency around 33%, as described by Shockley and Queisser (Shockley and Queisser, 1961). More recent models that include recombination losses and non-perfect absorbance recently placed the upper limit at 31% for single-crystal silicon solar cells (Bhattacharya and John, 2019). Current advances have allowed conventional Si-based technology to record efficiencies of 26.7% (Yoshikawa et al., 2017; Green et al., 2022). Multijunction solar cells reach even higher efficiencies [38,8% (Green et al., 2022)] but at the expense of complexity and cost. As for organic photovoltaics (OPV), the highest reported efficiency has been increasing steadily in the past years, with the current certified record at 18.2% (Zhang et al., 2021; Green et al., 2022). The following section provides a detailed description of the working principle of these devices.
Photovoltaics and photosynthesis have many similarities but are studied by their respective research communities with little or no interaction, often using different terminology. Bridging these two worlds by a cross-fertilization of insights and methodologies would be beneficial for both fields. This contribution aims to bridge these two domains by providing a brief description of the underlying light-induced charge-transfer (CT) mechanisms in PS and OPV as an elemental introduction to OPV for PS researchers and vice versa. We, therefore, focus on the basic working principles of light absorption to charge separation in both OPV systems and PS organisms. CT complexes play an essential role in both systems, as their excited state consists of an electron-hole pair on adjacent molecules, the fate of which can be either to decay to the ground-state or to further dissociate (McNaught et al., 1997). The first part of this review focuses on OPV. Together with dye-sensitized solar cells (DSSC), it is arguably the PV technology closest related to PS. Organic solar cells outperform DSSCs, but their efficiency is still lower than that of Si solar cells. Their development and device architecture will be discussed, followed by a detailed explanation of the intricacies of charge generation, with particular emphasis on the definition of the CT state and its occurrence in OPV technologies. The second part addresses PS, introducing the capability of some biological systems to oxidize water and fixate carbon dioxide to synthesize carbohydrates. We will mainly discuss the multiple steps between light harvesting and charge separation to eventually clarify the role of CT states in PS. We conclude with an overview of the universal character of CT states and discuss the similarities and differences between OPV and PS with the goal of transferring knowledge between both fields.
2 ORGANIC PHOTOVOLTAICS
Conventional solar cells, based on inorganic materials such as silicon (Si) or gallium-arsenide (GaAs), have high efficiencies, degrade little over time are resistant against elevated temperature and UV-radiation (Saga, 2010). Furthermore, thanks to continued development, the production cost of these devices has dropped dramatically. The levelized cost of efficiency (LCOE) of commercial PV has fallen tenfold over the past decade to 0.048 USD/kWh on a global scale (IRENA, 2022). As a downside, these devices need to be rather thick in order to absorb most of the incident light, owing to the low absorption coefficient of inorganic semiconductors devices, as is especially the case for Si with a typical absorption coefficient of 104 cm−1 (Green, 2008) in the visible spectrum, requiring device thickness in the order of 100 µm (Tiedje et al., 1984). The photoactive components in OPV are of molecular or polymeric nature and have an average absorption coefficient around 105 cm−1 (Lin and Kiang, 2014; Nyman et al., 2021), allowing for device thickness of about 100 nm. Further limitations of inorganic PV modules are their dull appearance and fragile nature, making them difficult to integrate into for instance buildings and unsuited for curved surfaces.
Organic solar cells (OSC) were developed in the 80’s when layers of porphyrin, which is related to the natural occurring pigment chlorophyll, were sandwiched between two electrodes. The resulting organic molecule-based device had a poor power conversion efficiency (<0.1%) (Chamberlain, 1983), but the photoactive layer had a high absorption coefficient which would make thin, semi-transparent, and even flexible devices possible. A unique property of organic semiconductors is their conjugated π-system, consisting of overlapping p-orbitals which allow for the delocalization of the electronic wavefunction along the backbone of the molecule. This is especially the case for semiconducting polymers, often displaying a band-like transport signature for the intrachain mobility. However, bulk transport is limited by interchain hopping (Fratini et al., 2020). The possibility to prepare single-junctions and tandem OSCs by continuous roll-to-roll processing using solution deposition or low pressure organic vapor phase deposition opens perspectives to low cost, large area production (Qu and Forrest, 2018; Ng et al., 2022). OPV became popular after the introduction of the bulk heterojunction configuration, allowing higher power-conversion efficiencies as described in the following section, reaching current lab record efficiencies of 18.2% (Zhang et al., 2021; Green et al., 2022) for single-junction OSCs.
2.1 Excitons in organic photovoltaics
In the most basic definition, an exciton is formed by excitation of an electron to the lowest unoccupied molecular orbital (LUMO) of an organic semiconductor, where it remains electrostatically bound to the remaining positive charge, or hole, residing on the highest occupied molecular orbital (HOMO). As opposed to inorganic materials, organic semiconductors typically possess a low relative permittivity (ϵr < 6 instead of ϵr > 10) (Liu et al., 2018), meaning that the attraction between opposite charges, as described by Coulomb’s law, is shielded to a lesser extend by polarization of the medium compared to inorganic materials. Consequently, the attraction between electron and hole remains strong, creating a collective state that defines an exciton. For inorganic semiconductors, the crystal structure allows the position of the wave function of the excited electron to delocalize quickly over a large area, assisting in the separation of the charges. Organic molecules tend to form non-covalent bonds with adjacent organic molecules preventing the formation of extended crystalline regions. As a result, the electron remains highly localized. However, it can diffuse throughout the material as a bound electron-hole pair, i.e., the exciton (Chen, 2019).
The rectifying behavior of the first, single component organic concept device—i.e., consisting of a thin film (a few µm) of copper phthalocyanine sandwiched between a metallic electrode and a transparent conductive oxide—was discovered by Delacote et al. (1964). However, it proved too much to ask for effective conduction of both electrons and holes by the same component (Spanggaard and Krebs, 2004). The alternative approach is a bilayer organic solar cell—i.e., devices where electron-donating and electron-accepting materials are cast in sequence as thin, stacked layers with a flat boundary (see Figure 1). The organic semiconductors have dissimilar bandgaps, creating a so-called heterojunction at the interface. Here, the difference in energy levels provides a driving force for exciton dissociation, resulting in an electron-hole pair at the materials interface. The donor (D) material has higher HOMO and LUMO levels as compared to the acceptor (A) material, resulting in a higher electron affinity of the acceptor layer (see Figure 1). At the D-A interface it is energetically favorable for the exciton to transfer its electron to the acceptor molecule while the hole remains behind on the donor, resulting in spontaneous charge separation. Tang et al. devised the first bilayer heterojunction in 1986 using copper phthalocyanine as D and a perylene tetracarboxylic derivative as A (Tang, 1986). After the introduction of the polymer/C60 junction by Sariciftci et al., in 1993, fullerene derivates, e.g., phenyl-C61-butyric acid methyl ester (PC60BM), were preferentially used as A in OPV because of their appropriate energy levels and conduction properties (Sariciftci et al., 1993; Facchetti, 2013).
[image: Figure 1]FIGURE 1 | (A) (left) The architecture of a bilayer solar cell device with A (red) and D (blue) material cast in sequence as thin layers with a flat boundary. These devices suffer from the large diffusion lengths required for excitons before they reach the DA-interface. (right) The architecture of a BHJ solar cell device where acceptor and donor material are dispersed throughout the photoactive layer, resulting in a larger DA-interface and reducing the path length for excitons to reach the interface. The location of the CT complex is encircled. (B) Molecular orbital diagram of D and A near the interface. The arrows indicate the pathways for an electron from light absorption 1), excited state charge transfer 2) or ground state charge transfer 3), followed by charge separation 4). (C) Electronic state diagram showing the excitonic state, CT state, and CS state. (D) A typical spectrum of external quantum efficiency (conversion of photons to electrons) on a linear and logarithmic scale, indicating the influence of D (MDMO-PV) and A (PCBM) absorption. Direct CT state excitation is observed as an absorption band below excitation from D and (A) (Adapted from (Vandewal et al., 2008)).
Excitons created in the donor domain diffuse towards the donor-acceptor interface, the rate of diffusion can be predicted by the Förster mechanism (Tamai et al., 2015). Unfortunately, excitons only have a limited lifetime before they decay. They exist in the order of 1 ns, allowing the bound electron-hole pair to move only up to a distance of about 10 nm before recombination of the charges (Lunt et al., 2009). In order to absorb a good portion of the incoming light, the photoactive layer needs to have a thickness of around 100 nm (Bernède, 2008; Rafique et al., 2018). This is already much thinner compared to the layer thickness of Si-based devices (typically a few hundreds of µm), but a consequence for the bilayer device is that only a very small portion of the excitons will arrive at the D-A interface where it can be efficiently separated. To overcome the problems posed with a bilayer architecture, the D and A materials can be intimately mixed in the photoactive layer, creating localized regions of D and A material. This process extends the surface area of the interfaces and disperses them throughout the active layer, which ensures close proximity to any created exciton, yet maintaining the thickness needed for sufficient light absorption. This kind of device is termed a bulk-heterojunction (BHJ) solar cell, first conceived by Hiramoto et al. (1991) with the introduction of fullerene derivates occuring in 1994 (Lee et al., 1994). The design of such a device is displayed in Figure 1. One complication of the BHJ architecture is the need for electron- and hole-blocking layers at the contacts since both donor and acceptor material cross the entire photoactive layer. The electron-blocking layer maintains unfavorable energy levels for electrons to cross, preventing them from reaching the anode. As for the hole-blocking layer, it effectively inhibits the transport of holes at the cathode side (Bernède, 2008).
3 PHOTOSYNTHESIS
In PS organisms, the photosystems which include the reaction center, light-harvesting complexes and surrounding proteins, transfer the excitation energy absorbed by the antenna systems into an electron transport chain to produce reducing power (NADPH) and to store energy (ATP). These compounds drive biosynthesis of carbohydrates and proteins, cell division, and other energy-consuming processes all over the cell or organism.
We make the distinction between the PS process in purple bacteria on one hand, and plants, algae, and cyanobacteria on the other. Besides structural differences, purple bacteria perform anaerobic photosynthesis and use bacteriochlorophyll as main chromophore, while plants, algae and cyanobacteria have evolved to synthesize oxygen and utilize chlorophyll. In this review, we restrict ourselves to light absorption, excitation energy transfer (EET) and charge separation (CS). The focus will be on light-harvesting (LH) complexes and (type II) reaction centers in purple bacteria (PbRC) — more specifically Rhodobacter sphaeroides—as this model system is among the most studied. Algae and plants contain both the type I and type II reaction centers (RC), making them more complex, and so generally bacteria are chosen as a model system for study. However, some conclusions of this work will apply to both types of photosynthesis, especially concerning EET and CS.
3.1 Excitation energy transfer in photosynthesis
Light harvesting in purple bacteria occurs in the cytoplasmic membrane. Here, specific complexes which overspan the membrane are responsible for the formation of ATP and NADPH, driven by respectively a proton gradient over the membrane and the supply of energetic electrons. Light-harvesting is initiated by absorption of sunlight by PS chromophores like bacteriochlorophylls (BChl) or carotenoids (Car) which are found in a complex of vast protein-pigment systems embedded in the membrane, known as light-harvesting (LH) complexes. These complexes are abundantly present in PS organisms, where α- and β-polypeptides function as a matrix to non-covalently bind the chromophores in ring-shaped structures. Having the molecules arranged in this way maximizes the chance of a match between the polarization direction of the incoming light and the molecular dipole moment of a chromophore, increasing the overall optical cross-section. The LH1 complex encloses the RC. Smaller LH2 complexes are arranged around the LH1-RC complex and function to gather light energy and transfer it to LH1-RC, where eventually CS takes place (Croce et al., 2018).
Although the local dielectric constant in the RCs and LH complexes varies greatly during electron transfer, its reported value is low (ϵr = 1–6) (Steffen et al., 1994; Guo et al., 2013; Aksu et al., 2019) — similar to the environment in OPV devices. The resulting Coulomb force between excited electron and hole is thus comparable to the attraction in OPV. Therefore, upon excitation of a chromophore in either RCs or LH complexes, bound electron-hole pairs or excitons are formed.
The environment in which the chromophores reside affects to a large extend the optical properties of the molecules. Excited energy is lowered by excitonically coupled assemblies of chromophores, like dimers or crystals. Being ring-shaped, the LH complex is considered to be a 1D array crystal and it forms excitonic bands (Reimers et al., 2016). The excitation energy levels of the (B)Chls are redshifted when nearing the RC, which will create a funnel-like system to guide excitonic energy to the RC, where subsequent CS will take place. The second function of the LH complex is regulation of the energy flow, as excessive light can damage the cell (e.g., reactive oxygen species can be sensitized which can break conjugated systems of chromophores). The LH complex can act as a light absorber but also as a light quencher, respectively transferring excitation energy to the RC or protecting the cell by non-radiative decay of the excitation energy (Drop et al., 2014; Magdaong and Blankenship, 2018; Cignoni et al., 2021).
With the use of two-dimensional electronic spectroscopy (2DES) in the early 2000s, indications for quantum-coherence was found in different PS systems (Brédas et al., 2016; Jumper et al., 2018). Long-lived oscillations in the Fenna-Mathews-Olson (FMO) complex of green sulfur bacteria was believed to originate from electronic coherence (Engel et al., 2007). Long-lived coherent mixing of electronic states leads to the delocalization of exciton energy over several chromophores, i.e., a superposition of excitonic states (Reimers et al., 2016). This mechanism has been used to explain the efficient energy transfer along the antenna system towards the RC. Excitons would essentially probe a large phase space for the most efficient downward path. This mechanism gets described by wave-like transport as opposed to the classical hopping transport, resulting in fast and efficient EET. (Romero et al., 2017; Jumper et al., 2018). However, more recent studies have refuted this claim by stating that the dephasing timescale of coherence exceeds the expected decoherence time of superpositon excitonic states (Jumper et al., 2018). The oscillations observed in the FMO complex excist on a timescale of ps, while theoretical models predict electronic decoherence over a range of only tens of fs (Duan et al., 2017; Jumper et al., 2018).
The controversy surrounding quantum-coherence in PS increased research efforts for alternative explanations. The delocalization of excitons over neighboring sites is now believed to be assisted by vibronic coupling (Duan et al., 2017), enabling fast EET (Higgins et al., 2021). This theory is an expansion of classical Förster resonance electron transfer (FRET), where the transfer rate is proportional to the Franck-Condon factor which incorporates the overlap of vibrational wavefunctions between donor and acceptor. In vibronic modified Förster theory, intermediate electronic coupling is included that redistributes the vibrational wavefunctions and modifies the Franck-Condon factor and thus the EET (Jumper et al., 2018). The coherent oscillations observed from 2DES in the FMO complex and other PS complexes is nowadays accepted to originate from this effect. Contemporary research has employed FRET to understand the coupling between bacteriorhodopsin and TiO2 in a biophotovoltaic device architecture (Barbiellini et al., 2018; Das et al., 2019).
The question remains whether biology intentionally exploits quantum mechanical principles to optimize photosynthesis. Higgins et al. has suggested this to be the case to steer the energy pathway of excitons in the FMO complex (Higgins et al., 2021).
3.2 The reaction center
The RC of both oxygenic PS organisms (plants, most algae, and cyanobacteria) and anoxygenic PS organisms (various types of bacteria) consists of two branches of molecules, which are nearly symmetrical.
In PbRCs, two closely placed BChl molecules form a dimer called the special pair P. From here, two branches, A and B, of cofactors spread out (see Figure 2). Both branches have a bacteriochlorophyll B and bacteriopheophytin H molecule (a bacteriochlorophyll lacking the Mg2+ ion), with a subscript corresponding to the specific branch (BA, BB, HA, HB). On the RC side lies one extra carotenoid molecule (spheroidene). Only the A-branch is active in CS. The function of the B-branch is still largely unknown, but it plays a role in photoprotection against the formation of triplet states which can sensitize harmful reactive oxygen species (ROS) (Croce et al., 2018).
[image: Figure 2]FIGURE 2 | (A) Top view of a thylakoid membrane showing the architecture of the PSII supercomplex where antenna complexes surround two reaction centers. Excitation energy migrates from the antenna to the reaction center (Adapted from (Fleming et al., 2012)). (B) Structure of the PbRC with the main chromophores. Exciton injection from LH1 arrives at the special pair P. Subsequent CT occurs over the A branch, indicated by the red arrows. (C) Electronic state diagram in the PbRC, displaying the initial excitonic state and the subsequent free-energy levels of the electronic transfer chain, together with their time constants. The arrows indicate possible transitions. (D) Structure of the PSII RC with the main chromophores. Exciton injection from LH1 arrives at the special pair P. Subsequent CT occurs over the D1 branch. (E) Electronic state diagram of the PSII RC, displaying the initial excitonic state and the subsequent electronic states. (Adapted from (Allen et al., 1987; Umena et al., 2011; Croce et al., 2018)).
At excitation of the RC—most times by excited energy transfer from the antenna system—P will be populated by an exciton. The EET along the antenna complexes towards the RC is exceptionally efficient, reaching close to 100%. This is primarily due to the already mentioned fast decay in energy by tuning of the chromophore excitation levels by the protein environment, acting as an energy sink (Reimers et al., 2016; Croce et al., 2018).
The bacterial special pair absorbs light between 870 nm and 960 nm, generating the excited state P*. CS occurs over a timespan of 3.5 ps as the electron is transferred from P* to HA over a distance of about 9 Å. This is followed by electron transfer to quinone A (QA) in 200 ps over a similar distance of 9 Å. Ultimately, the excited electron is transferred to the exchangeable quinone B (QB), which can be rather easily detached from the protein by reducing it twice to plastoquinol QH2, which then further diffuses to the protein cytochrome bc1-complex. QH2 is now oxidized, releasing its protons and hereby initiating the creation of a proton gradient over the thylakoid membrane, which drives the formation of ATP by the membrane-crossing protein ATP synthase. Further steps will not be discussed here as we only focus on EET and CS (Romero et al., 2017). For an extensive review on CS in the PbRC and the RC of PSII, the reader is referred to (Croce et al., 2018).
4 CHARGE-TRANSFER STATES—A UNIVERSAL PRESENCE
In the context of organic materials, an exciton forms by exciting an electron from the HOMO to the LUMO. The resulting electron-hole pair resides on the same molecule and remains electrostatically bound. Nevertheless, diffusion of the exciton throughout the material remains often possible. The exciton can quickly decay back to the ground state. However, in the vicinity of another molecule with a greater electron affinity—referred to as the electron acceptor (A) — charge transfer might occur, in which case the electron jumps to A while the hole stays behind on the so-called electron-donor (D). This transition is energetically favorable by the difference in HOMO and LUMO levels between D and A (see Figure 1) (the terms donor and acceptor are used here as generic terminology and do not relate exclusively to the components of the photoactive layer in an OPV). The configuration where the charges are partly localized on different molecules is called a charge-transfer (CT) state (Pope, 1966; Pope et al., 1999). Population of the CT state can happen either after excitation of the donor component or after excitation of the acceptor component: D*A → (D+A−)* or DA* → (D+A−)*. A DA pair that can accommodate a CT state is called a CT complex over which the CT state is energetically spread. There is no necessity for a CT complex to consist of two different molecules. It can also comprise a single molecule with isolated D and A moieties. The CT state is an intermediate state between an exciton—where the charges remain closely bound—and complete charge separation (CS). Contrary to a CS state, the CT state represents the possibility of recombination, i.e., the electron falling back into the hole site. Recombination of separate charges, therefore, always has to pass through the CT state.
Taking these properties into account, we arrive at a simple definition that can be used in all systems, regardless of specific details. The following formal definitions apply:
• Exciton: excitation where the charges reside on the same molecule, and decay to the ground state is possible.
• Charge-transfer state: excitation where the charges reside on different molecular entities, and decay to the ground state remains possible.
• Charge-separated state: the charges reside on different molecular entities, and decay to the ground state is not possible without forming a CT state first.
4.1 Charge-transfer states in organic photovoltaics
In OPV, the creation of a CT state happens as follows: after formation of an exciton in the donor layer of the device, followed by diffusion to the donor-acceptor interface, it is energetically favorable for the exciton to transfer its electron to the acceptor molecule (LUMOD to LUMOA) while the hole remains localized on the donor, resulting in the creation of the CT state through excited state charge transfer (see Figure 1). The CT state is also observed to form by direct excitation of the CT complex from ground state charge transfer, promoting an electron from HOMOD to LUMOA (Goris et al., 2005; Vandewal et al., 2006). The energy associated to the CT state is expected to be less than required to produce a separate electron and hole: ECT < ECS (see Figure 1) (Pope, 1966).
An early overview stating the importance of CT states in polymer:fullerene solar cells was given by Benson-Smith et al. (2007), where the authors measured a small amount of absorption at excitation energies below the optical gap of both D and A material (see Figure 1). This sub-gap absorption indicated the presence of an extra electronic transition besides that of the pristine D or A HOMO-LUMO transition. In this study it was shown that the measurable presence of a CT state in the absorption spectrum had a large influence on the overall efficiency of the device. When a CT state is not detectable, its energy is too close to that of the D singlet energy level, which means that the energy difference [image: image] is small. A small energy difference results in unwanted electron back-transfer from CT state to the D singlet state. When the CT state is detectable, the energy difference has to be larger and the CT state can be sufficiently populated, leading to a higher efficiency (Vandewal, 2016).
The performance of a solar cell in general can be described with the power conversion efficiency (PCE), which is the product of the current flowing at short-circuit (ISC), the voltage during open-circuit (VOC) and the Fill Factor (FF)—a measure for internal losses—divided by the power of the incident light (Pi). To generate current, an exciton (represented as (DA)*, where either D or A is excited) can dissociate into a CT state (D+A−), thereby populating the CT state, and this complex must further be separated into free charges (D+—A−) (see Figure 1). An observation of the CT state, as seen in Figure 1, is essential to the functionality of an OSC. In exceptional cases, sufficiently low ΔE—being material dependent—generates increased hybridization to so-called mixed excitonic-CT states. This phenomenon yields lower non-radiative recombination, which is beneficial in combating voltage losses, but also enables an overall increase in recombination. Hence, it is an interesting subject concerning the optimization of device performance through energy level tuning (Eisner et al., 2019).
For completeness, we briefly mention the observation of CT states in related PV technologies. Besides the classical polymer:fullerene OSC, CT states have also been detected in polymer:polymer OSCs (Clarke and Durrant, 2010). Even in DSSCs, CT behavior has been observed between the dye and the TiO2 anode. The presence of a dye-to-TiO2 CT band was detected at the low energy range in the incident-photon-to-current efficiency (IPCE) spectrum (Tae et al., 2005). Further reading on CT dynamics in DSSCs can be found in reference (Brauer et al., 2015).
4.2 Charge-transfer states in the photosynthetic reaction center
To discuss the possible occurrence of CT states in the photosynthetic RC, we first return to the model system of purple bacteria. Considering the PbRC in Figure 2, CS occurs when the electron is localized on QB, and the hole remains behind on the special pair, P. To achieve this, several intermediate states form where the negative charge displaces over the A branch of the PbRC. The comlete CT pathway is summarized in Equation 1. The primary electron acceptor is HA, forming the state [image: image]. The intermediate step through the accessory bacteriochlorophyll BA from P* to [image: image] forms on a timescale of 3 ps, while it decays to [image: image] after a lifetime of 1 ps (Tamura et al., 2021). It is, therefore, sparsely populated and hence hard to observe. BA is often considered to be only a mediator for electron transfer between P and HA. The energy of [image: image] is estimated to be very close to the energy of P* (Tamura et al., 2020), causing strong coupling of the two states. So after excitation of P, the state [image: image] is responsible for a fast spatial separation of the exciton, which is further stabilized by [image: image] (Croce et al., 2018). Subsequent transfer of the electron to QA and QB happens on a timescale of 200 ps (Holten et al., 1978) and 200 µs (Graige et al., 1998), respectively (Sebastian and Hariharan, 2022).
[image: image]
It is worth comparing the dynamics of CS in PbRCs to the RC in photosystem II (PSII), found in plants and cyanobacteria. The structure of the PSII RC is displayed in Figure 2. PSII utilizes other chromophores: chlorophyll and pheophytin replace bacteriochlorophyll and bacteriopheophytin in purple bacteria. The general arrangement of cofactors is similar to PbRCs, however the designation of the cofactors differs, being a matter of convention. After collective excitation of the RC from the antenna complexes, the primary donor is briefly shifted to ChlD1 (Croce et al., 2018; Yoneda et al., 2022), the accessory chlorophyll on the D1 branch—an effect not observed in PbRCs. The negative charge switches back to P in the next stages of CT. At ambient temperatures, it is believed that multiple pathways exist with uncertainty surrounding ChlD1 or P as primary donor. Ambiguity over the identity of CT complexes also exists due to the observation of mixed excitonic-CT states in this stage of PSII CT. They are believed to be responsible for far-red absorption (Novoderezhkin et al., 2007; Wahadoszamen et al., 2014; Yoneda et al., 2022). The subsequent electron transfer to the CS state [image: image] happens in rapid succession through the intermediate states [image: image] and [image: image] (see Equation 2). Whereas in PbRC, the excited special pair P* is distinguishable from the rest of the RC, in PSII primary electron transport starts from a collective excitonic RC state. Due to geometric differences, the special pair in PbRC displays a larger orbital overlap, resulting in larger coupling, contrary to PSII where the excited state is delocalized (Croce et al., 2018). During electron transfer, the hole continues its pathway from the donor site to the oxygen-evolving complex (OEC). At its heart lies a manganese complex responsible for water splitting. Its oxidation is cyclic in four stages: from S0 to S1, S2, S3, S4, each time requiring a CS at the RC. When reaching S4, two water molecules are oxidized, and the OEC returns to the S0 state (De Causmaecker et al., 2019). The succeeding stages of PS will not be discussed here. For a detailed review on electron transfer in RCs, we refer to (Croce et al., 2018).
[image: image]
All of the above mentioned intermediate states are called by a wide variety of names, including (transient) radical-pair (Novoderezhkin et al., 2005; Parson and Warshel, 2009), charge-separated state (Karlsson et al., 2010; Duan et al., 2017; Neumann et al., 2019; Sipka et al., 2021), yet also charge-transfer states (Novoderezhkin et al., 2007). To answer whether any of these intermediate states are truly CT states, we propose a nomenclature based on the definition of a CT state from earlier—differentiating excitons from CT states and CS states. To reiterate, a CT state is partly spread over two different molecular entities with the electron residing on the acceptor molecule and the hole residing on the donor molecule. In addition, a CT state remains coupled to the ground state, allowing for decay to occur, as opposed to a fully CS state. Taking this definition into account, the intermediate states between P* and [image: image] could all be classified as CT states if direct decay to the ground state (P) is observed. It is, therefore, interesting to look at decay rates of the intermediate states of both PS systems and to compare them to CT decay rates in OPV. Decay rates and center-to-center distances between D and A are summarized in Table 1. The distances were extracted from X-ray crystallographic data (Guskov et al., 2009; Mattis and Wraight, 2013; Suga et al., 2014). Decay rates differ across literature and are reported here not as exact values (Vanmieghem et al., 1995; Rappaport et al., 2002; Vass, 2011; Croce et al., 2018; Orf et al., 2018).
TABLE 1 | Charge recombination rates and D-A center-to-center distances in the RCS of PSII (left) and purple bacteria (right).
[image: Table 1]From these values, all the above mentioned states, from [image: image], [image: image], to [image: image] (both in PbRCs and in PSII RCs) could be defined as CT states. Here, we did not assign a CT character to the intermediate [image: image] state. In fact, due to the slow formation lifetime of 3.5 ps and fast decay lifetime of 1 ps, this state is barely populated and therefore hard to detect (Rappaport et al., 2002). The CT states are encircled in yellow in Figure 2.
Further CS states beyond [image: image], e.g. [image: image], can only recombine through thermal activation via [image: image] (Vass and Cser, 2009). After [image: image], no forward electron transfer takes place. Instead, [image: image] undergoes two protonation steps, one after each excitation, to form QBH2. It detaches from the RC and joins the plastoquinone pool, where it can deliver energy to cytochrome b6f. [image: image] is able to recombine with S2 or S3 in a timespan of tens of seconds through back-reaction via [image: image] (De Causmaecker et al., 2019). Since this is no direct recombination, [image: image] is not a CT state according to the formal definitions stated above. As a note on PSII, [image: image] can either decay directly to the ground state, establishing CT character, or indirectly via thermally activated back reaction to 1[image: image]. Furthermore, it can also transfer energy to the triplet state 3[image: image] since the electron spins between both states are not correlated. Direct deactivation of this triplet state to the ground state is slow due to spin conservation. Instead, a decay pathway involving the reaction with oxygen to produce reactive oxygen species (ROS) is preferred (Vass, 2011).
To compare recombination and dissociation rates of CT states in PS to those in OPV, we briefly discuss the example by Hackl et al. (2022). They investigated a PCPDTBT:PCBM BHJ device and found a recombination of free charges via the CT state occurring on a timescale of krec = 109s−1. Dissociation of the CT state proceeded at a rate of kdis = 1012s−1. These values are typical for other OPV systems. The dynamics of CT dissociation and recombination in OPV occurs on much faster timescales than is the case for PS, which is important for efficient CS. The extend over which the charges are spread, i.e., the dimensions of a CT complex in OPV is related to the D-A distance. For a typical polymer:fullerene blends this distance is ∼7.3 Å (Wang et al., 2018). The smaller spacial separation compared to PS likely relates to the faster recombination dynamics observed in OPV.
Employing specialized optical techniques can assist in the designation of CT states in both fields of OPV and PS. One such technique is 2D-electronic spectroscopy (2DES) to study coherence and delocalization in electron-transfer processes (Oliver et al., 2014; Niedringhaus et al., 2018; Arsenault et al., 2021; Yoneda et al., 2022). In another way, Stark spectroscopy is used to study the CT character of excited states (Romero et al., 2017). Alongside calculations based on time-dependent density-functional theory (TDDFT) go hand-in-hand with these techniques and can improve our understanding of spectra (Sirohiwal and Pantazis, 2022).
5 DISCUSSION
This review presents a first comparison of the role of CT states between the worlds of PS and OPV. The formulation of definitions of the multiple stages between energy excitation and charge separation allows for concise terminology. We aim to standardize nomenclature to avoid confusion and lower the exploratory barrier between both fields.
We pointed out possible CT states in PS with their candidate CT complexes. However, caution should be taken surrounding the designation of CT complexes since these states are not always clearly localized—a phenomenon illustrated by the existence of mixed excitonic-CT states in both OPV and PS (Eisner et al., 2019; Yoneda et al., 2022). Also environmental factors can impact the recombination/dissociation rates of these states, possibly taking into question the CT character of these states. These factors include temperature, pH, OEC oxidation state, etc. (Croce et al., 2018). In addition, different organisms are affected in different ways, inhibiting us to provide a universal picture of CT in PS.
Considering the insights from the previous sections, what can we learn from comparing CT in both fields? There are similarities between PS and OPV, but they remain very different systems over the whole line. Most processes are uniquely assigned, but familiar concepts arise concerning the mechanisms behind EET and CT. The adaptations of the systems to these concepts should be studied across both worlds. Integrating these concepts from one field into the other might prove beneficial for research advancement. This review suggests different approaches toward future OPV design—to be further developed by researchers in the field. One such concept retrieved from the PS apparatus is the tuning of molecular band energies by proper orientation and interaction with their environment. The application of nanostructures and self-assembly can create systems favorable for EET and energy tunneling toward a CS center. Simulation-based research can assist in implementing FRET and quantum coherence—essential concepts in these processes. We continue by discussing two other concepts.
While the CT state in an OSC is very localized, CT in PS occurs over longer distances, populating multiple CT states and involving multiple CT complexes. This concept also exists in OPV research as so-called cascade solar cells (Schlenker et al., 2011). These devices contain an interlayer between D and A, typically a few nm thick. Other types of cascade solar cells have multiple D or A layers. The key behind this concept is a cascade of energy levels as charges cross the photoactive layer. As a result, the cascade architecture effectively reduces recombination losses since hole and electron are located further apart and have to cross a higher energy barrier during back transfer. Besides suppressing recombination, these devices can be tuned to cover a broader absorbance and facilitate efficient exciton transfer to the DA interface through an energy cascade.
With a vast antenna complex, PSII encapsulates roughly 300 pigment molecules per RC (Croce et al., 2018). One might expect this to prove disadvantageous. After all, the energy flow through the antenna system experiences severe losses before arriving at the RC. However, would it be beneficial to load the entire thylakoid membrane with RC complexes? Not necessarily, as one argument in favor of antenna systems is related to minimizing the number of recombination sites to increase the chemical potential (Ross and Calvin, 1967; Vandewal, 2016). This concept of reducing the number of recombination sites to increase VOC is also known in the world of OPV. As demonstrated by Vandewal et al., a reduction of the DA interface results in a higher electrical potential, or photovoltage (Vandewal et al., 2014).
Interdisciplinary research in biophotovoltaics can yield new insights into PS and developments in PV. One of society’s biggest challenges is expanding the use of clean, renewable energy sources in combating climate change. This research aspires to advance the field of OPV by transferring concepts from PS to OPV concerning device architecture, thereby improving efficiency and accessibility to society. At the same time, we face the issue of feeding all of humanity, challenging researchers to improve crop yields, which is directly related to PS efficiency. An understanding of the complex processes of PS from a PV perspective would in this respect certainly be of benefit.
Scientists involved in crossover research, like biophotovoltaics or bio-nano interfaces, will benefit from this review by gaining insight into the different charge-transfer processes in organics. The various approaches to charge separation by PS and OPV are highlighted and might aid researchers in approaching these systems from another perspective. Additionally, this basic introduction to the principles of PS and OPV may lower the barrier toward interdisciplinary cooperation.
We hope to extend the field of view of PV researchers to acquire further insight and inspiration, possibly aiding in developing future solar cell devices. Analogously, in the study of PS, this review might help researchers uncover the details on CS or even bring advances in the overall PS efficiency for the development of future crops. Lastly, we strongly encourage interdisciplinary cooperation between researchers in the worlds of PS and OPV.
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