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Molecular solar thermal (MOST) systems are working their way as a possible technology to store solar light and release it when necessary. Such systems could, in principle, constitute a solution to the energy storage problem characteristic of solar cells and are conceived, at a first instance, as simple molecular photoswitches. Nevertheless, the optimization of their different required properties is presently limiting their technological scale up. From the chemical perspective, we need to design a novel MOST system based on unconventional photoswitches. Here, by applying multi-configurational quantum chemistry methods, we unravel the potentialities of ad hoc-designed molecular photoswitches, which aim to photoproduce cubane or cubadiene as high-energy isomers that can be thermally (or eventually catalytically) reverted to the initial structure, releasing their stored energy. Specifically, while cubane can be photoproduced via different paths depending on the reactant tricycle diene conformation, an undesired bicyclic by-product limits its application to MOST systems. An evolution of this starting design toward cubadiene formation is therefore proposed, avoiding conformational equilibria and by-products, considerably red shifting the absorption to reach the visible portion of the solar spectrum and maintaining an estimated storage density that is expected to overcome the current MOST reference system (norbornadiene/quadricyclane), although consistently increasing the photoisomerization energy barrier.
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1 INTRODUCTION
The world’s main source of energy today is constituted by fossil fuels, although they are not a renewable source of energy. In addition to releasing CO2 into the atmosphere, this is one of the main causes of global warming (Rothenberg, 2023). For these reasons, in recent decades, constantly growing research studies are attempting to find alternative sources of energy with the objective to be cleaner, renewable, and sustainable (Banerjee et al., 2022). Among them, solar energy is one of the most affordable, since it does not require the production and management of waste as nuclear energy (Usman, 2022), and at the same time, it is freely available all over the Earth’s surface, with almost constant intensity, compared to wind (Roga, 2022).
Within solar energy technologies, different types of photovoltaics have been developed in the last 40–50 years with the goal of efficiently transforming solar energy into electrical energy that could then be used for any technological application (Xu and Qiao, 2011; Yum, 2013; Seo et al., 2016; Turan, 2016; Matsui, 2018; Schnappinger, 2018; Zhang, 2018; Blachowicz and Ehrmann, 2020; Huaulmé, 2020; Yu, 2021). Nevertheless, the main drawback of photovoltaics is their lack of capacity for storing the photogenerated electricity. More precisely, energy storage is possible only when coupling photovoltaics to high-volume and expensive lithium batteries (Üçtuğ and Azapagic, 2018). Hence, one of the current main challenges is no longer the transformation of solar energy but its storage. In this respect, solar technology shares its fate with hydrogen technology since consistent improvements have been made on the side of molecular dihydrogen production efficiency (Lucarini, 2020; Lucarini, 2021; Meng, 2023; Wang, 2023; Zhang, 2023), but its large-scale storage is still under debate (Andersson and Grönkvist, 2019; Elberry, 2021).
Concerning solar energy, few solutions were indicated, one of them being the development of more performant and/or cheaper batteries, and the other one relying on the concept of the molecular solar thermal (MOST) system (Lennartson et al., 2015; Sun et al., 2019; Xu and Wang, 2022) a molecule could be designed as a low-energy isomer that can be activated by solar light and transformed into a high-energy isomer (Figure 1). The difference in energy between the two isomers constitutes the stored energy (Estored). Apart from high photon absorption intensity and efficiency in the photoisomerization process, the latter usually depending on the topology of the conical intersection between excited (S1) and ground (S0) electronic states, other criteria need to be fulfilled to obtain a suitable MOST system.
- The high-energy isomer has to be photochemically stable at room temperature, meaning that it cannot be reverted back to the low-energy isomer by the same sunlight.
- The ground state energy barrier (i.e., the activation energy, Ea) to release the stored energy has to be high enough to guarantee chemical stability of the high-energy isomer, and at the same time, it should be conveniently lowered by the addition of a proper catalyst (Moth-Poulsen, 2012; Lorenz et al., 2021) or by electrochemical methods (Franz, 2022) to release Estored at demand.
- To be of technological interest, the storage density (Dstorage = ∆Hstorage/M, where ∆Hstorage is the difference in enthalpy between high- and low-energy isomers and M is the molecular weight) needs to be maximized, therefore requiring a small-sized molecule capable of the highest possible photo-induced enthalpy increment.
- For device purposes, the overall MOST system (i.e., both isomers) should be liquid to ensure a physical separation of high- and low-energy isomers.
[image: Figure 1]FIGURE 1 | Functioning concept of a molecular solar thermal (MOST) system: (A) solar irradiation (hν) can convert a low-energy isomer into a stable high-energy isomer. (B) The stored energy (Estored) can be released on demand by overcoming the ground-state activation energy (Ea) by applying heat, a proper catalyst, or through electrochemistry.
Therefore, it can be realized that, although simple in its chemical concept, the optimization of a MOST system is far from being a trivial task.
Historically, the MOST concept was developed in 1909 through the photodimerization of anthracene molecules specifically planned to store solar energy (Weigert, 1909). Much later, several MOST systems were proposed starting from the ‘80s, including different mechanisms, such as photocyclization of the dihydroazulene/vinylheptafulvene system (Cacciarini, 2015; Wang, 2017; Mogensen, 2019; Nielsen, 2020), cis/trans photoisomerization of stilbene and azobenzene derivatives (Masutani et al., 2014; Dong, 2018; Hu, 2019; Sun et al., 2019; Wang, Losantos, et al., 2019; Zhang et al., 2022), photoisomerization of bimetallic complexes (Zhang, 2013), and [2 + 2] photocycloaddition of the norbornadiene/quadricyclane system (Kuisma, 2016; Jevric et al., 2018). Some systems, although initially discarded for their poor properties, were recently taken back into account, in light of methodological developments concerning mechanochemistry applied to azobenzene (Marazzi and Garcia-Iriepa, 2019; Nucci et al., 2019), electrochemistry (Franz, 2022), and novel synthetic routes to derivatize the norbornadiene/quadricyclane system (Orrego-Hernández et al., 2020). This latter scientific advancement consolidated, in these last years, the norbornadiene/quadricyclane system as the most promising for MOST applications (Bren’, 1991; Jorner, 2017; Elholm, 2022), mainly due to the considerably higher Estored compared to the rest of the proposed systems and, at the same time, its relatively low molecular weight, hence maximizing Dstorage (see the previous section for its definition). The main drawback remains its absorption in the UV region (λ < 267 nm), which can be only partially solved by proper substitution patterns: a push–pull effect can be efficiently obtained by introducing a -CN group as an electron acceptor and a -Ph-OCH3 group as an electron donor, reaching only partially the desired visible absorption [λ < 558 nm (Wang, et al., 2019)] and mainly compromising the Dstorage value due to a consistent increase in molecular weight. Moreover, norbornadiene is plagued by severe solubility issues, making it difficult to be prepared as a liquid (Maruyama et al., 1985; Quant, 2016).
Here, we propose an alternative to the well-known norbornadiene/quadricyclane system and to all previously studied systems: tricyclooctadiene (TOD) and, especially, tricyclooctatetraene (TOT), with the goal of photoactivating them to produce all-carbon cubane (CUB) or cubadiene (CUD), respectively. Organic cubanes are known in the literature to be potential explosives (Engelke and Stine, 1990; Eaton et al., 2000; Qin, 2015); hence, they are expected to store a large amount of energy while keeping the atom economy to a reduced number of organic weighted atoms (eight carbon atoms). Until now, only the TOD/CUB system was theoretically proposed for MOST purposes, showing some of its drawbacks (mainly, the possible formation of by-products). The TOT/CUD system, on the other hand, was never proposed. Through multi-configurational quantum chemistry methods, we will show the electronic absorption properties, photochemical, and ground-state mechanistic paths of both TOD/CUB and TOT/CUD systems, highlighting their pros and cons in the quest for novel MOST systems.
2 METHODOLOGY
2.1 Design strategy
The photochemical step of the proposed TOD/CUB system is based on the same [2 + 2] photocycloaddition (photo-induced Diels–Alder) reaction characteristic of the norbornadiene/quadricyclane system. Nevertheless, in this case, the objective was to photoproduce a higher-energy isomer due to its higher steric strain, as also suggested by previous theoretical and experimental studies on similar compounds that indicate all-carbon CUB derivatives as possible explosives due to their capacity of storing high amounts of energy within their molecular structures. Merging these two properties, i.e., the photoproduction of an all-carbon-based cubane by irradiating a diene capable of [2 + 2] photocycloaddition, we have proposed the TOD/CUB system (Figure 2A), where TOD stands for tricyclo [4,2,0,02,5]octa-3,7-diene.
[image: Figure 2]FIGURE 2 | (A) TOD/CUB system, leading to the photochemical formation of cubane; (B) TOT/CUD system, leading to the photochemical formation of cubadiene, and (C) its substituted derivative TOT-S/CUD-S. To serve as molecular solar thermal systems, the photoproduct needs to be a photochemically stable high-energy isomer and should be capable of thermal reversion to its initial low-energy isomer.
Additional possible ground- or excited-state pathways, eventually leading to different by-products, were not considered on the basis of the recent application of machine learning-based algorithms and extensive non-adiabatic molecular dynamics to cubane-based systems (Li and Lopez, 2020; Li, 2021).
As explained in the Results and discussion section, the undesired presence of a by-product within the TOD→CUB mechanism (indicated as BOT; bicyclo [4,2,0]octa-2,4,7-triene) led us to the design of the derived TOT/CUD system, where TOT stands for tricycloocta-1,3,5,7-tetraene and CUD for cubadiene; by including a central butadiene moiety (Figure 2B), we avoid ring-opening issues experienced by the TOD/CUB system; thus, no by-product is expected. Moreover, the inclusion of two additional π bonds considerably enlarges the conjugation length, allowing to reach photon absorption within the visible portion of the spectrum. A substitution pattern was considered for the successful TOT candidate, resulting in TOT-S, characterized by the inclusion of a -NH2 donor group and a -CN acceptor group at both ends of a C=C bond involved in photocyclization (Figure 2C). In this way, a push–pull effect was introduced in the TOT chromophore with the goal of partially changing the S1 state character by introducing a certain degree of charge transfer character, responsible for a bathochromic shift in absorption energy. Moreover, the reduced weight of the two selected substituents is expected not considerably to decrease its storage density.
2.2 Computational details
Due to the diradical nature of electronic ground transition states and the multi-configurational nature of electronic excited states, all calculations were performed at the CASPT2//CASSCF level, that is, geometry optimization by complete active space self-consistent field (CASSCF) theory (Olsen, 2011), followed by energy correction on top of the CASSCF calculation through second-order perturbation theory (CASPT2) (Andersson et al., 1992). This strategy was proven to be successful for the quantitative description of several photoisomerization processes (Marazzi and Garcia-Iriepa, 2019) based on [2 + 2] photocycloaddition (Runčevski, 2014). The 6-31G (d,p) basis set was used including a “double-zeta” approach for the valence orbitals and polarization functions (d,p) to better describe formation and rupture of chemical bonds.
The selected complete active space (CAS) is composed of six electrons and six orbitals for TOD, while eight electrons and eight orbitals were chosen for TOT. More in detail, such CASs allow including, in both cases, the full π system, if looking at the low-energy respective isomer and an additional σ-bond to correctly describe the eventual BOT formation. These result in 1 σ/σ* and 2 π/π* orbitals for TOD and 1 σ/σ* and 3 π/π* orbitals for TOT. The substituent effect was evaluated for TOT, concerning both photophysics (electronic absorption spectrum) and photochemistry (chemical reactivity due to photon absorption), as shown in Figure 2C. In this case (TOT-S), the selected CAS was increased until it included 12 electrons and 12 molecular orbitals. Moreover, the effect of the basis set was evaluated by considering the atomic natural orbitals (ANO-S and ANO-L). The results, shown in Supplementary Table S1, point toward a limited bathochromic shift (<10 kcal·mol-1) while overall maintaining the electronic description of ground and excited states. Therefore, the results shown for TOT-S were calculated with a CAS (8,8) as for TOT due to the delocalization of the molecular orbitals including TOT-S donor and acceptor groups.
The CASSCF calculations included two electronic states (S0 and S1), as it was found that S2 is much higher in energy. Equal weights were given to the two states in a state-average fashion (de Meras et al., 1990), resulting in a SA(2)-CASSCF type of calculation. Concerning CASPT2, three electronic states were included by a multi-state formalism (MS(3)-CASPT2) (Finley, 1998; Pulay, 2011). No IPEA correction was included, as it was found to be a reliable setting for many organic-based chromophores and not even including any preconceived bias (Zobel et al., 2017). Moreover, a 0.2 imaginary shift was considered in order to avoid state-order flipping (Forsberg and Malmqvist, 1997).
All calculations were performed in the gas phase, i.e., not including any solvent effect since, in principle, an optimal MOST system should be a pure liquid composed only of solar-thermal active molecules in order to maximize the storage density. We should note that in comparable MOST systems, as the norbornadiene/quadricyclane isomerization couple, a pure liquid cannot be attained and solvents need to be added; in any case, apolar organic solvents do not make valuable contributions to the solvatochromic effect (Orrego-Hernández et al., 2020). Moreover, due to the lack of experimental data for TOD, TOT, and TOT-S, several experimental solubility issues compromise a straightforward selection of the solvent (or mixture of solvents) that could be potentially modeled in this study.
Minimum energy paths were calculated for both excited and ground states by connecting featuring geometries as energy minima, intermediates, transition states, and conical intersections among potential energy surfaces. Where necessary, linear interpolations among an initial and a final structure were used, in order to initially calculate the minimum energy path. All CASSCF calculations were performed using Gaussian 16 software (Frisch, 2016), while CASPT2 energy corrections on top of CASSCF-optimized structures were performed using the OpenMolcas suite of programs (Fernández Galván et al., 2019).
The simulation of the absorption spectra, including their shape (Figure 8), was performed for TOD (syn and anticonformers), TOT, and TOT-S as follows: the oscillator strengths corresponding to the first two vertical excitation energies (S0→S1,2) were computed at the CASPT2 level using OpenMolcas software, corresponding to the maximum intensities of each respective band. Then, to calculate the spectral broadening, a Gaussian function was assigned to each vertical transition with a full width at half maximum (FWHM) of 0.2 eV. This specific value was proven to be valid in reproducing experimental spectra of different families of organic chromophores (Gattuso, 2016; Turan, 2016; Gattuso et al., 2017; Marazzi, 2018). Finally, all Gaussians were convoluted for each species. All details are given in the Supplementary Material.
3 RESULTS AND DISCUSSION
3.1 The TOD/CUB system
The TOD/CUB desired reactivity is shown in Figure 2A. Nevertheless, TOD has two possible conformations: syn and anti, from here on STOD and ATOD, respectively. On the one hand, STOD has both cyclobutene lateral moieties pointing toward the same direction with respect to the middle cyclobutane moiety. On the other hand, ATOD is 7.2 kcal·mol-1 more stable than STOD, but since it is characterized by two cyclobutene lateral moieties pointing in opposite directions with respect to the middle cyclobutane moiety, it does not keep the two C=C moieties near enough for an eventual [2 + 2] photocyclization. Therefore, the reactivity of Figure 2A is only possible once STOD is formed. This gives rise to a complex photochemical scenario, summarized in Figure 3.
[image: Figure 3]FIGURE 3 | Summary of the TOD/CUB photochemistry in terms of CASPT2 energy referred to the most stable structure (BOT). All ground-state geometries corresponding to different species involved are shown. Vertical arrows correspond to S0→S1 photon absorption. All S1/S0 conical intersections (CI) are shown. Different colors correspond to the possible photochemical pathways, including photoproduct and reactant recover: ATOD→STOD (dotted blue), ATOD→BCT (dotted dark green), ATOD→BOT and STOD→BOT (dotted red), and STOD→CUB (dotted olive).
Specifically, STOD can be photoproduced by directly irradiating ATOD through a conical intersection (CI-A-S, dotted blue path). Once STOD is generated, a second photon with almost the same energy can produce the desired CUB through the CI-S-C conical intersection (dotted green path). As expected, both CIs could also lead to internal conversion, generating back the initial respective reactant. Nevertheless, two main drawbacks can be observed for the MOST application:
1) The required photon energy for both photoreactions is completely within the UV range, a problem common to many other compounds that were initially explored as possible MOST systems, including the known norbornadiene/quadricyclane system and, in principle, improvable by convenient substitution patterns, aiming at red shifting the absorption energy.
2) The ATOD [image: image] STOD [image: image] CUB path is not the only one possible. Indeed, STOD excitation to the S1 state can also open a second channel that, through the CI-S-BOT conical intersection, could form a stable by-product, bicyclo [4,2,0]octa-2,4,7-triene (BOT), as a result of C–C bond breaking and formation of a six-carbon membered ring. Additionally, BOT could also be formed as a second possible channel of ATOD S1 excitation, through the CI-A-BOT conical intersection.
BOT formation as the main inconvenience of the TOD/CUB system was already proposed by another theoretical study (Li and Lopez, 2020), although in that case, only the syn TOD conformation was considered, therefore narrowing the generality of the conclusions on the eventual use of TOD as a MOST system.
For the sake of completeness, it should be mentioned that ATOD S1 excitation also has, in principle, a third possible deactivation channel, forming a metastable diradical (a bicyclic tetraene: BCT) through the CI-A-BCT conical intersection. Although BCT can absorb light almost in the visible range (383 nm), the only possible evolution is internal conversion to form back ATOD through the same CI-A-BCT conical intersection, hence not constituting an interesting pathway for our purposes.
Concerning Estored, the TOD/CUB system can store 34.6 kcal·mol-1, considering its stable ATOD structure. This value overcomes the 22.9 kcal·mol-1 found for the unsubstituted norbornadiene/quadricyclane reference (Nucci et al., 2019). In terms of Dstorage too, the 1.39 kJ·g-1 of TOD/CUB would result in a consistent improvement compared to the bare norbornadiene/quadricyclane system (1.04 kJ·g-1). Nevertheless, since the BOT by-product can be formed by either irradiating ATOD or STOD, its use as a MOST is definitely hampered. In Figure 3, we focused our attention on excitation energies and ground-state relative energies. Nevertheless, energy barriers for all the aforementioned pathways should be discussed to understand their feasibility. This is shown in the following Section 3.1.1 for ATOD, and Section 3.1.2 for STOD.
3.1.1 ATOD photo-reactivity
As we have discussed in the previous section, three deactivation channels are, in principle, possible when irradiating ATOD into the S1 excited state: photoproduction of STOD (Figure 4A), BOT (Figure 4B), and BCT (Figure 4C).
[image: Figure 4]FIGURE 4 | Different CASSCF photochemical pathways initiated by ATOD S0→S1 photon absorption: (A) ATOD→STOD, (B) ATOD→BOT, (C) ATOD→BCT, and their respective internal conversion. Energy graphs are shown in adiabatic fashion (S0: red and S1: blue) with the continuous lines corresponding to the populated potential energy surfaces necessary to reach the respective photoproduct. Geometrical structures of S0 minima and S1/S0 conical intersections are also shown.
Comparing the S1 deactivation pathways for the three cases, it can be concluded that the most probable channel is constituted by BOT photoproduction, since it is the only energy barrierless process. On the other hand, STOD photoisomerization requires a ca. 12 kcal·mol-1 barrier, and BCT formation requires a much higher 85 kcal·mol-1 barrier. Therefore, since ATOD is the most stable TOD isomer, and BOT photoproduction is unavoidable, this is confirmed as a firm limit of the TOD/CUB system for MOST applications.
3.1.2 STOD photo-reactivity
Even if STOD could be eventually populated by thermal chemistry (see next section), once excited to S1, STOD photodeactivation is once again biased in favor of BOT formation (energy barrier of 11 kcal·mol-1) compared to the desired CUB formation (29 kcal·mol-1), as shown in Figure 5. Nevertheless, it should be noted from the CI-S-C conical intersection structure and especially from the direction that its non-adiabatic coupling vectors indicate that a photochemical Diels–Alder reaction is expected to produce CUB, as usual for [2 + 2] photocycloadditions (inset of Figure 5B).
[image: Figure 5]FIGURE 5 | Different CASSCF photochemical pathways initiated by STOD S0→S1 photon absorption: (A) STOD→BOT and (B) STOD→CUB. The energy graph is shown in adiabatic fashion (S0: red and S1: blue) with the continuous lines corresponding to the populated potential energy surfaces necessary to reach the respective photoproduct. Geometrical structures of S0 minima and S1/S0 conical intersections are shown, including in the case of CI-S-C the non-adiabatic coupling vectors: gradient difference (GD) and derivative coupling (DC) vectors.
3.1.3 Energy release from CUB
Although we have proved that, by irradiating TOD, the desired formation of CUB is partially hampered by the stabilization of BOT as a by-product, we have also investigated the following step of a MOST system, i.e., energy release from the high-energy isomer CUB. Indeed, in principle, CUB could also be formed by alternative photochemical strategies with respect to the one that we show, possibly sharing a [2 + 2] photocycloaddition mechanism. In this specific case, energy release involves two steps: CUB→STOD first and STOD→ATOD later. More in detail, the first CUB→STOD step is the essential one, since it is responsible for the release of most of the stored energy (27.4 kcal·mol-1), and once formed, STOD could absorb light by starting a new MOST cycle. Specifically, this first step requires overcoming a barrier of 42.0 kcal·mol-1 involving the rupture of one of the twelve equivalent C–C s-bonds present in CUB, thus formally generating a transition state characterized by a diradical structure (TS-CUB in Figure 6A).
[image: Figure 6]FIGURE 6 | Two steps to release, on the ground state, the energy stored by CUB: (A) CUB→STOD through the transition state TS-CUB and (B) STOD→ATOD through a diradical intermediate INT-I.
Nevertheless, since ATOD is lower in energy than STOD by 7.2 kcal·mol-1, the population of ATOD is thermodynamically largely favored, and therefore, STOD light absorption is in competition with STOD→ATOD ground-state isomeric conversion. Moreover, due to its intrinsic symmetry, four chemically equivalent STOD isomers can be interconverted into each other, with a thermal barrier of ca. 30 kcal·mol-1 (Supplementary Figure S1). In Figure 6B, we show how the ATOD compound can be restored, starting from two equivalent STOD-1 and STOD-2 structures and connected by the TS-CIS transition state. From there, a metastable intermediate of a diradical character (INT-I) was located approximately 40 kcal·mol-1 higher in energy than ATOD.
All in all, we can conclude that, among the two release steps, the CUB→STOD one requires more energy (42.0 kcal·mol-1) than the STOD→ATOD step (35.1 kcal·mol-1), and therefore, STOD could safely serve as a stable high-energy isomer. Interestingly, if a proper catalyst could be found to catalyze the CUB→STOD step [in principle, requiring a retro Diels–Alder reaction, e.g., the quadricyclane→norbornadiene reaction catalyzed by specific metal-based complexes (Bauer, 2018; Jevric, 2018; Wang et al., 2019; Luchs et al., 2020)], then the formed STOD preferentially keeps its syn conformation, since interconversion among STOD-equivalent isomers is energetically more feasible than adopting the initial anti conformation.
3.2 The TOT/CUD system
3.2.1 Cubadiene photochemical production
As discussed in Section 3.1, the TOD/CUB system is largely unsuitable to store solar energy, mainly because of TOD C–C σ-bond breaking that results, during the irradiation step, in the formation of BOT, a bicyclic triene stabilized by a six-carbon diene ring. Nevertheless, the encouraging Estored and Dstorage values compared to the norbornadiene/quadricyclane reference made us think about how to circumvent such problem, finding a possible solution for the TOT/CUD system. The TOT low-energy isomer bears the same tricyclic structure as TOD, but the central four-carbon ring is now a cyclobutadiene moiety, instead of a cyclobutane moiety. This design modification brings several advantages:
1) Due to the conjugation of the central ring, no C–C s-bond breaking is expected, neither photochemically nor thermally, thus avoiding the formation of stable bicyclic by-products.
2) The overall π conjugation is now extended, passing from two separated π bonds to four conjugated π bonds, hence expecting a consistent bathochromic shift in the TOT absorption spectrum, compared to TOD (see Section 3.3).
3) Although, in principle, a syn and an anticonformer could also be sketched for TOT, and their thermal equilibrium cannot take place since it is not feasible for a fully π-conjugated molecule to break a C–C bond (now stronger than a simple s-bond, due to partial π character), rotate, and isomerize, as described in Section 3.1.3 and depicted in Figure 6B. We should therefore consider that, depending on the synthetic route, either the syn or the anti conformer can be obtained, and we are interested in syn TOT as our low-energy isomer, having both lateral C=C moieties in a convenient spatial arrangement to undergo the desired [2 + 2] photocycloaddition and form cubadiene.
Moreover, as shown in Figures 7A, B, two different cubadiene structures can be obtained, a symmetric (CUD) and a distorted (CUD-d) one, with the symmetric photoproduct making it possible to store slightly more energy than the distorted one. The drawback of the process is constituted by a S1/S0 conical intersection that, in both cases, does lead to CUD or CUD-d only if overcoming a relatively large ground-state energy barrier of ca. 50–60 kcal·mol-1 at both CASSCF and (see Supplementary Figure S2) CASPT2 levels. Even if the ground state is populated with a consistent excess energy given by S0→S1 photon absorption, 10–20 extra kcal·mol-1 would be anyway necessary, being, in principle, at disposition through a slight hypsochromic absorption and/or taking advantage of the expected high temperature of the MOST liquid when exposed under the Sun (i.e., it is expected that high vibrational levels should be propagated in the ground state). In any case, this barrier clearly constitutes the main limit to the whole process.
[image: Figure 7]FIGURE 7 | Photoproduction of (A) CUD and (B) distorted CUD from TOT and photoproduction of (C) the substituted CUD and (D) substituted and distorted CUD from the substituted TOT. The ground-state reversion path to TOT (A,B) and TOT-S (C, D) is also depicted by a dotted line. All minimum energy paths show CASSCF energetics and the structures of minima, conical intersections (CI), and S0 transition states (TS).
The substituent effect was considered for TOT by following the same norbornadiene design principle of adding a donor group (-NH2) and an acceptor group (-CN) to the same C=C lateral bond, thus inducing a push–pull effect. This results in the TOT-S/CUD-S system, where S stands for substituted. As shown in Figures 7C, D (CASSCF level) and in Supplementary Figure S3 (CASPT2 level), the same mechanism found for the unsubstituted TOT/CUD system also applies here; both cubadiene isomers can be formed, but at the expense of a ground-state energy barrier. As a positive effect, light absorption by TOT-S is expected to be red shifted, as we show and rationalize in the next section.
Concerning Estored, we should note that, among the symmetric and the distorted cubadiene, the system will preferentially evolve toward the photoproduct involving the lower-energy S0 barrier. Although near in energy, this reasoning would favor the formation of CUD over the distorted CUD-d, when TOT is unsubstituted (Estored = 51 kcal·mol-1 at the CASPT2 level), while CUD-Sd would be preferred over CUD-S, when TOT is substituted (Estored = 32 kcal·mol-1 at the CASPT2 level). Reminding the value found for the ATOD/CUB system (34.6 kcal·mol-1 at the CASPT2 level), this means that Estored (ATOT/CUD) >> Estored (TOD/CUB) ≈ Estored (TOT-S/CUD-Sd). In terms of Dstorage, the superiority of the TOT/CUD system is guaranteed by the fact that the molecular weight is 4 g·mol-1 lower than the TOD/CUB system, due to the absence of the four hydrogen atoms connected to the middle TOT ring. On the other hand, although the TOT-S/CUD-Sd is expected to be the system offering the best optical properties, its increased molecular weight (due to the presence of donor and acceptor groups) would result in a decrease in the storage density, compared to its unsubstituted analogs. Estored and Dstorage values are presented in Table 1.
TABLE 1 | Storage energy (Estored) and storage density (Dstorage) for different molecular compounds evaluated in this study as potential MOST systems, compared to unsubstituted norbornadiene/quadricyclane (NBD/QC).
[image: Table 1]3.2.2 Energy release from cubadiene
Mechanistically, Figure 7 shows that the same S0 transition state is involved when “photo-charging” the MOST system and when releasing the stored energy (on the ground state), constituting a particularity never proposed until now for a molecular solar fuel. In terms of photoproduct stability, we note that, at the quantitative CASPT2 level, the distorted cubadienes (both CUD-d and CUD-Sd) offer the highest energy barriers to release the stored energy (50 and 26 kcal·mol-1, respectively) although, as aforementioned, they store less energy (29 and 32 kcal·mol-1, respectively) compared to the symmetric cubadienes, CUD and CUD-S, which show slightly lower energy barriers of 24 and 23 kcal·mol-1, respectively, but allowing to store 51 and 52 kcal·mol-1, respectively (Supplementary Figures S2 and S3).
3.3 Absorption spectra
The main unresolved issue of the most established molecular solar fuel, the norbornadiene/quadricyclane system, is the absorption of photons within the solar spectral range. Indeed, as explained in the Introduction, the absorption of the unsubstituted norbornadiene/quadricyclane system lies completely in the UV range, and although several synthetic strategies were developed in the last 30 years to red shift its absorption, it was possible to include only a part of the visible window, centered in the blue with the tail covering the green window (Wang, et al., 2019).
The photoproduction of cubanes by the TOD/CUB system shows (Figure 8, black and red bands) the same exact problem, since the S0→S1 vertical transition of both anti and syn TOD conformations fall in the UV spectral range (λ < 250 nm). Nevertheless, when considering the more promising photoproduction of cubadienes (CUD), the absorption of the unsubstituted TOT is, although much weaker in intensity, centered around 450 nm, which is already within the visible region (Figure 8, blue band). We note that, although a bright intensity would be surely beneficial for the efficiency of the photoprocess, a low absorption intensity does not compromise the photoisomerization process and, thus, its potential use as a MOST component [see, e.g., azobenzene (Bandara and Burdette, 2012; Zapata, 2014; Aleotti, 2020)]. Substituted TOT (TOT-S) shows, as expected due to the introduced push–pull effect, an even larger bathochromic shift that makes it, in principle, suitable to absorb light almost within the full visible spectrum (400–700 nm), together with an increased intensity compared to TOT (Figure 8, violet band).
[image: Figure 8]FIGURE 8 | (A) Simulated absorption spectra in the UV-visible spectral range, including (B) a zoom covering only the visible window, of interest for MOST applications. Each S0→S1 band is assigned to the respective couple of occupied and virtual orbitals.
When looking at the nature of the vertical transitions, we can conclude, based on molecular orbitals analysis, that 1(π, π*) transitions of ATOD and STOD are partially contaminated by σ-bonding orbitals of the middle cyclobutane ring, while 1(π,π*) transitions of TOT and TOT-S are more delocalized over the wider π conjugation offered by the middle cyclobutadiene ring, as expected. This can also explain the consistent bathochromic shift observed for TOT and even more for TOT-S and the S0→S1 absorption band of this latter being centered at ca. 510 nm.
4 CONCLUSION
With this study, we have drawn the attention to an alternative design for efficient molecular solar thermal systems, not based on the most known and investigated norbornadiene/quadricyclane system, although maintaining the basic [2 + 2] photoisomerization principle to generate the high-energy isomer. Specifically, we have initially conceived a tricyclic diene that could photoproduce an all-carbon cubane, resulting in a highly strained structure that could improve both Estored and Dstorage values, compared to the norbornadiene/quadricyclane reference. Nevertheless, as also recently proposed by Li and Lopez (2020), the formation of a stable bicyclic triene is expected to severely compromise its potential use as a MOST system.
To overcome this problem, a modification of the low-energy isomer was conceived, consistently enlarging π conjugation by introducing a central cyclobutadiene moiety. This design solution offers the advantages of consistently red shifting the absorption spectrum until reaching the visible window and even decreasing its molecular weight, which is a beneficial issue for increasing the storage density. Moreover, depending on the photoproduced cubadiene (symmetric or distorted), the stored energy was found to be similar in its value or even increased with respect to the initially formulated system, hence resulting in a consistent improvement with respect to norbornadiene/quadricyclane.
The main drawback is nevertheless constituted by a decreased efficiency in the photochemical pathway, since the S1/S0 conical intersection leads to the photoproduct only if a fairly high ground-state energy barrier is overcome. Substitution effects on the proposed system were also taken into account by introducing a convenient push–pull effect that ideally changes the optical properties optimizing its absorption spectrum, which would cover the full visible window. Nevertheless, the same issue about a worsening photochemistry pathway can be raised and, moreover, coupled to a lower storage density.
All in all, we can conclude that photoisomerizing mechanisms leading to cubane or cubadiene derivatives could, in principle, constitute a valid alternative to the norbornadiene/quadricyclane system in terms of stored energy and storage density for improved MOST systems. Nevertheless, additional research, possibly coupling theoretical methods (Wang and Losantos, 2019) and experimental approaches, should be envisaged to maintain efficient photochemical pathways while avoiding the formation of stable by-products.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
CM-R performed all calculations and produced all figures. MM organized and planned the study, initially conceiving the idea of applying such structures as solar fuels, including the potential reactivity. MM wrote the paper, and CM-R revised the paper.
FUNDING
This work was funded by Comunidad de Madrid and Universidad de Alcalá, as part of the action “Young PhDs’ Research Uplifting” with the project “SolFuel” (Ref: CM/JIN/2021-022).
ACKNOWLEDGMENTS
CM-R. thanks the B.Sc. program in “Chemistry,” the M. Sc. program in “Chemistry for Sustainability and Energy” (both at the Universidad de Alcalá), and a competitive-based research contract within the “SolFuel” project funding. MM thanks Giulia Marazzi García for her valuable support during the first nights of her life, when MM wrote this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2023.1171848/full#supplementary-material
REFERENCES
 Aleotti, F. (2020). Spectral tuning and photoisomerization efficiency in push–pull azobenzenes: Designing principles. J. Phys. Chem. A 124 (46), 9513–9523.doi:10.1021/acs.jpca.0c08672
 Andersson, J., and Grönkvist, S. (2019). Large-scale storage of hydrogen. Int. J. hydrogen energy 44 (23), 11901–11919. doi:10.1016/j.ijhydene.2019.03.063
 Andersson, K., Malmqvist, P., and Roos, B. O. (1992). Second-order perturbation theory with a complete active space self consistent field reference function. J. Chem. Phys. 96 (2), 1218–1226. doi:10.1063/1.462209
 Bandara, H. M. D., and Burdette, S. C. (2012). Photoisomerization in different classes of azobenzene. Chem. Soc. Rev. 41 (5), 1809–1825. doi:10.1039/c1cs15179g
 Banerjee, S., Sharma, H., and Hazra, S. (2022). Green energy solution to combat global warming. Bio-Clean Energy Technol. 2, 1–11.
 Bauer, U., Fromm, L., WeiB, C., Bachmann, P., Spath, F., Dull, F., et al. (2018). Controlled catalytic energy release of the norbornadiene/quadricyclane molecular solar thermal energy storage system on Ni (111). J. Phys. Chem. C 123 (13), 7654–7664. doi:10.1021/acs.jpcc.8b03746
 Blachowicz, T., and Ehrmann, A. (2020). Recent developments of solar cells from PbS colloidal quantum dots. Appl. Sci. 10 (5), 1743. doi:10.3390/app10051743
 Bren’, V. A., Dubonosov, A. D., Minkin, V. I., and Chernoivanov, V. A. (1991). Norbornadiene–quadricyclane—An effective molecular system for the storage of solar energy. Russ. Chem. Rev. 60 (5), 451–469. doi:10.1070/rc1991v060n05abeh001088
 Cacciarini, M., Skov, A. B., Jevric, M., Hansen, A. S., Elm, J., Kjaergaard, H. G., et al. (2015). Towards solar energy storage in the photochromic dihydroazulene–vinylheptafulvene system. Chemistry–A Eur. J. 21 (20), 7454–7461. doi:10.1002/chem.201500100
 de Meras, A. S., Lepetit, M.-B., and Malrieu, J.-P. (1990). Discontinuity of valence CASSCF wave functions around weakly avoided crossing between valence configurations. Chem. Phys. Lett. 172 (2), 163–168. doi:10.1016/0009-2614(90)87291-x
 Dong, L., Feng, Y., Wang, L., and Feng, W. (2018). Azobenzene-based solar thermal fuels: Design, properties, and applications. Chem. Soc. Rev. 47 (19), 7339–7368. doi:10.1039/c8cs00470f
 Eaton, P. E., Gilardi, R. L., and Zhang, M. (2000). Polynitrocubanes: Advanced high-density, high-energy materials. Adv. Mater. 12 (15), 1143–1148. doi:10.1002/1521-4095(200008)12:15<1143::aid-adma1143>3.0.co;2-5
 Elberry, A. M., Thakur, J., Santasalo-Aarnio, A., and Larmi, M. (2021). Large-scale compressed hydrogen storage as part of renewable electricity storage systems. Int. J. hydrogen energy 46 (29), 15671–15690. doi:10.1016/j.ijhydene.2021.02.080
 Elholm, J. L., Hillers-Bendtsen, A. E., Holzel, H., Moth-Poulsen, K., and Mikkelsen, K. V. (2022). High throughput screening of norbornadiene/quadricyclane derivates for molecular solar thermal energy storage. Phys. Chem. Chem. Phys. 24 (47), 28956–28964. doi:10.1039/d2cp03032b
 Engelke, R., and Stine, J. R. (1990). Is N8 cubane stable?J. Phys. Chem. 94 (15), 5689–5694. doi:10.1021/j100378a018
 Fernández Galván, I., Vacher, M., Alavi, A., Angeli, C., Aquilante, F., Autschbach, J., et al. (2019). OpenMolcas: From source code to insight. J. Chem. Theory Comput. 15, 5925–5964. doi:10.1021/acs.jctc.9b00532
 Finley, J. (1998). The multi-state CASPT2 method. Chem. Phys. Lett. 288 (2–4), 299–306. doi:10.1016/S0009-2614(98)00252-8
 Forsberg, N., and Malmqvist, P.-Å. (1997). Multiconfiguration perturbation theory with imaginary level shift. Chem. Phys. Lett. 274, 196–204. doi:10.1016/S0009-2614(97)00669-6
 Franz, E., Krappmann, D., Fromm, L., Luchs, T., Gorling, A., Hirsch, A., et al. (2022). Electrocatalytic energy release of norbornadiene-based molecular solar thermal systems: Tuning the electrochemical stability by molecular design. ChemSusChem 15 (24), e202201483. doi:10.1002/CSSC.202201483
 Frisch, M. J. (2016). Gaussian16, revision C.01. Wallingforf CT: Gaussian Inc. 
 Gattuso, H., Besancenot, V., Grandemange, S., Marazzi, M., and Monari, A. (2016). From non-covalent binding to irreversible DNA lesions: Nile blue and nile red as photosensitizing agents. Sci. Rep. 6, 28480. doi:10.1038/srep28480
 Gattuso, H., Monari, A., and Marazzi, M. (2017). Photophysics of chlorin e6: From one- and two-photon absorption to fluorescence and phosphorescence. RSC Adv. 7 (18), 10992–10999. doi:10.1039/c6ra28616j
 Hu, J., Huang, S., Yu, M., and Yu, H. (2019). Flexible solar thermal fuel devices: Composites of fabric and a photoliquefiable azobenzene derivative. Adv. Energy Mater. 9 (37), 1901363. doi:10.1002/aenm.201901363
 Huaulmé, Q., Mwalukuku, V. M., Joly, D., Liotier, J., Kervella, Y., Maldivi, P., et al. (2020). Photochromic dye-sensitized solar cells with light-driven adjustable optical transmission and power conversion efficiency. Nat. Energy 5 (6), 468–477. doi:10.1038/s41560-020-0624-7
 Jevric, M., Petersen, A. U., Manso, M., Kumar Singh, S., Wang, Z., Dreos, A., et al. (2018). Norbornadiene-based photoswitches with exceptional combination of solar spectrum match and long-term energy storage. Chemistry–A Eur. J. 24 (49), 12767–12772. doi:10.1002/chem.201802932
 Jorner, K., Dreos, A., Emanuelsson, R., El Bakouri, O., Fdez. Galvan, I., Borjesson, K., et al. (2017). Unraveling factors leading to efficient norbornadiene-quadricyclane molecular solar-thermal energy storage systems. J. Mater. Chem. A 5 (24), 12369–12378. doi:10.1039/c7ta04259k
 Kuisma, M., Lundin, A., Moth-Poulsen, K., Hyldgaard, P., and Erhart, P. (2016). Optimization of norbornadiene compounds for solar thermal storage by first-principles calculations. ChemSusChem 9 (14), 1745–1794. doi:10.1002/cssc.201600882
 Lennartson, A., Roffey, A., and Moth-Poulsen, K. (2015). Designing photoswitches for molecular solar thermal energy storage. Tetrahedron Lett. 56 (12), 1457–1465. doi:10.1016/j.tetlet.2015.01.187
 Li, J., and Lopez, S. A. (2020). Multiconfigurational calculations and nonadiabatic molecular dynamics explain tricyclooctadiene photochemical chemoselectivity. J. Phys. Chem. A 124 (38), 7623–7632. doi:10.1021/acs.jpca.0c05280
 Li, J., Stein, R., Adrion, D. M., and Lopez, S. A. (2021). Machine-learning photodynamics simulations uncover the role of substituent effects on the photochemical formation of cubanes. J. Am. Chem. Soc. 143 (48), 20166–20175. doi:10.1021/jacs.1c07725
 Lorenz, P., Luchs, T., and Hirsch, A. (2021). Molecular solar thermal batteries through combination of magnetic nanoparticle catalysts and tailored norbornadiene photoswitches. Chemistry–A Eur. J. 27 (15), 4993–5002. doi:10.1002/chem.202005427
 Lucarini, F., Bongni, D., Schiel, P., Bevini, G., Benazzi, E., Solari, E., et al. (2021). Cover feature: Rationalizing photo-triggered hydrogen evolution using polypyridine cobalt complexes: Substituent effects on hexadentate chelating ligands (ChemSusChem 8/2021). ChemSusChem 14 (8), 1778. doi:10.1002/cssc.202100610
 Lucarini, F., Fize, J., Morozan, A., Marazzi, M., Natali, M., Pastore, M., et al. (2020). Insights into the mechanism of photosynthetic H2 evolution catalyzed by a heptacoordinate cobalt complex. Sustain. Energy Fuels 4 (2), 589–599. doi:10.1039/c9se00434c
 Luchs, T., Lorenz, P., and Hirsch, A. (2020). Efficient cyclization of the norbornadiene-quadricyclane interconversion mediated by a magnetic [Fe3O4− CoSalphen] nanoparticle catalyst. ChemPhotoChem 4 (1), 52–58. doi:10.1002/cptc.201900194
 Marazzi, M., and Garcia-Iriepa, C. (2019). “Retinal inspired photoswitches: From the isomerization mechanisms toward recent applications,” in Photoisomerization: Causes, behavior and effects ed . Editor D. Sampedro (Hauppauge, New York: Nova Science Publishers, Inc.). Chapter 5. 
 Marazzi, M., Gattuso, H., Monari, A., and Assfeld, X. (2018). Steady-state linear and non-linear optical spectroscopy of organic chromophores and bio-macromolecules. Front. Chem. 6 (APR), 86. doi:10.3389/fchem.2018.00086
 Maruyama, K., Tamiaki, H., and Kawabata, S. (1985). Development of a solar energy storage process. Photoisomerization of a norbornadiene derivative to a quadricyclane derivative in an aqueous alkaline solution. J. Org. Chem. 50 (24), 4742–4749. doi:10.1021/jo00224a017
 Masutani, K., Morikawa, M., and Kimizuka, N. (2014). A liquid azobenzene derivative as a solvent-free solar thermal fuel. Chem. Commun. 50 (99), 15803–15806. doi:10.1039/c4cc07713j
 Matsui, T., Sai, H., Bidiville, A., Hsu, H. J., and Matsubara, K. (2018). Progress and limitations of thin-film silicon solar cells. Sol. Energy 170, 486–498. doi:10.1016/j.solener.2018.05.077
 Meng, Y., Jian, Y., Li, J., Wu, H., Zhang, H., Saravanamurugan, S., et al. (2023). Surface-active site engineering: Synergy of photo-and supermolecular catalysis in hydrogen transfer enables biomass upgrading and H2 evolution. Chem. Eng. J. 452, 139477. doi:10.1016/j.cej.2022.139477
 Mogensen, J., Christensen, O., Kilde, M. D., Abildgaard, M., Metz, L., Kadziola, A., et al. (2019). Molecular solar thermal energy storage systems with long discharge times based on the dihydroazulene/vinylheptafulvene couple. Eur. J. Org. Chem. 2019 (10), 1986–1993. doi:10.1002/ejoc.201801776
 Moth-Poulsen, K., Coso, D., Borjesson, K., Vinokurov, N., Meier, S. K., Majumdar, A., et al. (2012). Molecular solar thermal (MOST) energy storage and release system. Energy Environ. Sci. 5 (9), 8534–8537. doi:10.1039/c2ee22426g
 Nielsen, M. B., Ree, N., Mikkelsen, K. V., and Cacciarini, M. (2020). Tuning the dihydroazulene–vinylheptafulvene couple for storage of solar energy. Russ. Chem. Rev. 89 (5), 573–586. doi:10.1070/rcr4944
 Nucci, M., Marazzi, M., and Frutos, L. M. (2019). Mechanochemical improvement of norbornadiene-based molecular solar-thermal systems performance. ACS Sustain. Chem. Eng. 7 (24), 19496–19504. doi:10.1021/acssuschemeng.9b04503
 Olsen, J. (2011). The CASSCF method: A perspective and commentary. Int. J. Quantum Chem. 111 (13), 3267–3272. doi:10.1002/qua.23107
 Orrego-Hernández, J., Dreos, A., and Moth-Poulsen, K. (2020). Engineering of norbornadiene/quadricyclane photoswitches for molecular solar thermal energy storage applications. Accounts Chem. Res. 53 (8), 1478–1487. doi:10.1021/acs.accounts.0c00235
 Pulay, P. (2011). A perspective on the CASPT2 method. Int. J. Quantum Chem. 111 (13), 3273–3279. doi:10.1002/qua.23052
 Qin, J., Ma, B., Liu, X. F., Lu, H. L., Dong, X. Y., Zang, S. Q., et al. (2015). Aqueous-and vapor-phase detection of nitroaromatic explosives by a water-stable fluorescent microporous MOF directed by an ionic liquid. J. Mater. Chem. A 3 (24), 12690–12697. doi:10.1039/c5ta00322a
 Quant, M., Lennartson, A., Dreos, A., Kuisma, M., Erhart, P., Borjesson, K., et al. (2016). Low molecular weight norbornadiene derivatives for molecular solar-thermal energy storage. Chemistry–A Eur. J. 22 (37), 13265–13274. doi:10.1002/chem.201602530
 Roga, S., Bardhan, S., Kumar, Y., and Dubey, S. K. (2022). Recent technology and challenges of wind energy generation: A review. Sustain. Energy Technol. Assessments 52, 102239. doi:10.1016/j.seta.2022.102239
 Rothenberg, G. (2023). A realistic look at CO2 emissions, climate change and the role of sustainable chemistry. Sustain. Chem. Clim. Action 2, 100012. doi:10.1016/j.scca.2023.100012
 Runčevski, T., Blanco-Lomas, M., Marazzi, M., Cejuela, M., Sampedro, D., and Dinnebier, R. E. (2014). Following a photoinduced reconstructive phase transformation and its influence on the crystal integrity: Powder diffraction and theoretical study. Angew. Chem. - Int. Ed. 53 (26), 6738–6742. doi:10.1002/anie.201402515
 Schnappinger, T., Marazzi, M., Mai, S., Monari, A., Gonzalez, L., and de Vivie-Riedle, R. (2018). Intersystem crossing as a key component of the nonadiabatic relaxation dynamics of bithiophene and terthiophene. J. Chem. Theory Comput. 14 (9), 4530–4540. doi:10.1021/acs.jctc.8b00492
 Seo, J., Noh, J. H., and Seok, S. Il (2016). Rational strategies for efficient perovskite solar cells. Accounts Chem. Res. 49 (3), 562–572. doi:10.1021/acs.accounts.5b00444
 Sun, C., Wang, C., and Boulatov, R. (2019). Applications of photoswitches in the storage of solar energy. ChemPhotoChem 3 (6), 268–283. doi:10.1002/cptc.201900030
 Turan, H. T., Eken, Y., Marazzi, M., Pastore, M., Aviyente, V., and Monari, A. (2016). Assessing one- and two-photon optical properties of boron containing arenes. J. Phys. Chem. C 120 (32), 17916–17926. doi:10.1021/acs.jpcc.6b05493
 Üçtuğ, F. G., and Azapagic, A. (2018). Environmental impacts of small-scale hybrid energy systems: Coupling solar photovoltaics and lithium-ion batteries. Sci. total Environ. 643, 1579–1589. doi:10.1016/j.scitotenv.2018.06.290
 Usman, M., Jahanger, A., Makhdum, M. S. A., Radulescu, M., Balsalobre-Lorente, D., and Jianu, E. (2022). An empirical investigation of ecological footprint using nuclear energy, industrialization, fossil fuels and foreign direct investment’, Energies. MDPI 15 (17), 6442. doi:10.3390/en15176442
 Wang, Jin (2023). Adsorbed p-aminothiophenol molecules on platinum nanoparticles improve electrocatalytic hydrogen evolution. Small 22, 2207135. doi:10.1002/smll.202207135
 Wang, Z., Losantos, R., Sampedro, D., Morikawa, M. a., Borjesson, K., Kimizuka, N., et al. (2019). Demonstration of an azobenzene derivative based solar thermal energy storage system. J. Mater. Chem. A 7 (25), 15042–15047. doi:10.1039/c9ta04905c
 Wang, Z., Roffey, A., Losantos, R., Lennartson, A., Jevric, M., Petersen, Anne U., et al. (2019). Macroscopic heat release in a molecular solar thermal energy storage system. Energy and Environ. Sci. 12 (1), 187–193. doi:10.1039/c8ee01011k
 Wang, Z., Udmark, J., Borjesson, K., Rodrigues, R., Roffey, A., Abrahamsson, M., et al. (2017). Evaluating dihydroazulene/vinylheptafulvene photoswitches for solar energy storage applications. ChemSusChem 10 (15), 3000–3055. doi:10.1002/cssc.201701337
 Weigert, F. (1909). Über chemische Lichtwirkungen. IV. Weitere Beiträge zur thermodynamischen Theorie photochemischer Prozesse. Berichte Dtsch. Chem. Ges. 42 (1), 850–862. doi:10.1002/cber.190904201136
 Xu, T., and Qiao, Q. (2011). Conjugated polymer–inorganic semiconductor hybrid solar cells. Energy and Environ. Sci. 4 (8), 2700–2720. doi:10.1039/c0ee00632g
 Xu, X., and Wang, G. (2022). Molecular solar thermal systems towards phase change and visible light photon energy storage. Small 18 (16), 2107473. doi:10.1002/smll.202107473
 Yu, B., Shi, J., Tan, S., Cui, Y., Zhao, W., Wu, H., et al. (2021). Efficient (>20%) and stable all-inorganic cesium lead triiodide solar cell enabled by thiocyanate molten salts. Angew. Chem. Int. Ed. 60 (24), 13548–13555. doi:10.1002/ange.202102466
 Yum, J.-H., Holcombe, T. W., Kim, Y., Rakstys, K., Moehl, T., Teuscher, J., et al. (2013). Blue-coloured highly efficient dye-sensitized solar cells by implementing the diketopyrrolopyrrole chromophore. Sci. Rep. 3 (1), 2446–2448. doi:10.1038/srep02446
 Zapata, F., Fernandez-Gonzalez, M. A., Rivero, D., Alvarez, A., Marazzi, M., and Frutos, L. M. (2014). Toward an optomechanical control of photoswitches by tuning their spectroscopical properties: Structural and dynamical insights into azobenzene. J. Chem. Theory Comput. 10 (1), 312–323. doi:10.1021/ct4007629
 Zhang, B., Feng, Y., and Feng, W. (2022). Azobenzene-based solar thermal fuels: A review. Nano-Micro Lett. 14 (1), 138. doi:10.1007/s40820-022-00876-8
 Zhang, J., Tan, H. S., Guo, X., Facchetti, A., and Yan, H. (2018). Material insights and challenges for non-fullerene organic solar cells based on small molecular acceptors. Nat. Energy 3 (9), 720–731. doi:10.1038/s41560-018-0181-5
 Zhang, K., Duan, Y., Graham, N., and Yu, W. (2023). Unveiling the synergy of polymorph heterointerface and sulfur vacancy in NiS/Ni3S2 electrocatalyst to promote alkaline hydrogen evolution reaction. Appl. Catal. B Environ. 323, 122144. doi:10.1016/j.apcatb.2022.122144
 Zhang, M.-Y., Wang, C. H., Wang, W. Y., Ma, N. N., Sun, S. L., and Qiu, Y. Q. (2013). Strategy for enhancing second-order nonlinear optical properties of the Pt (II) dithienylethene complexes: Substituent effect, π-conjugated influence, and photoisomerization switch. J. Phys. Chem. A 117 (47), 12497–12510. doi:10.1021/jp4041265
 Zobel, J. P., Nogueira, J. J., and González, L. (2017). The IPEA dilemma in CASPT2. Chem. Sci. 8 (2), 1482–1499. doi:10.1039/C6SC03759C
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Merino-Robledillo and Marazzi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-11-1171848-g005.gif





OPS/images/fchem-11-1171848-g006.gif





OPS/images/fchem-11-1171848-g003.gif





OPS/images/fchem-11-1171848-g004.gif





OPS/images/fchem-11-1171848-t001.jpg
Molecular system Estorea/kcal-mol™ Dstorage/kJ)-g"!

NBD/QC 229 1.04
ATOD/CUB | 346 139
STOD/CUB | 27.4 110
TOT/CUD | 51.0 I 213
TOT/CUD-d 29.0 121

TOT-$/CUD-S | 52.0 1.55

TOT-S/CUD-Sd 320 1.34






OPS/images/fchem-11-1171848-g007.gif





OPS/images/fchem-11-1171848-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Taking up the quest for novel molecular solar thermal systems: Pros and cons of storing energy with cubane and cubadiene		1 Introduction

		2 Methodology		2.1 Design strategy

		2.2 Computational details





		3 Results and discussion		3.1 The TOD/CUB system

		3.2 The TOT/CUD system

		3.3 Absorption spectra





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-11-1171848-g001.gif
towenergy Highenery
omer Tsomer






OPS/images/fchem-11-1171848-g002.gif
A
Tors P





OPS/images/inline_2.gif





OPS/images/inline_1.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





