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Abstract:



Our goal in this review is three-fold. First, we provide an overview of a number of quantum-chemical methods that can abstract charge-transfer (CT) information on the excited-state species of organic conjugated materials, which can then be exploited for the understanding and design of organic photodiodes and solar cells at the molecular level. We stress that the Composite-Molecule (CM) model is useful for evaluating the electronic excited states and excitonic couplings of the organic molecules in the solid state. We start from a simple polyene dimer as an example to illustrate how interchain separation and chain size affect the intercahin interaction and the role of the charge transfer interaction in the excited state of the polyene dimers. With the basic knowledge from analysis of the polyene system, we then study more practical organic materials such as oligophenylenevinylenes (OPVn), oligothiophenes (OTn), and oligophenylenes (OPn). Finally, we apply this method to address the delocalization pathway (through-bond and/or through-space) in the lowest excited state for cyclophanes by combining the charge-transfer contributions calculated on the cyclophanes and the corresponding hypothetical molecules with tethers removed. This review represents a step forward in the understanding of the nature of the charge-transfer interactions in the excited state of organic functional materials.
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1. Introduction


Exploring new organic semiconductor materials and understanding the relationship between the molecular structure and the properties are still major challenges. Numerous experiments indicate that fine tuning and understanding the interchain interactions are required in optimizing several organic conjugated materials such as light-emitting devices [1,2,3,4,5], photovoltaic materials [6,7,8,9,10], and field-effect transistors [11,12,13,14,15] and nonlinear optical materials [16,17,18]. In the microscopic sense, it is believed that photoexcitation of an organic material may generate charge-transfer (CT) excitons in the strong interchain interaction limit which has been described as spatially indirect excitons or bound polaron pairs. Although it would be detrimental to light emission efficiency, CT excitons can be exploited for the design of photodiodes and solar cells based on blends of organic conjugated materials [19,20,21,22,23,24,25,26,27,28]. For example, it has been shown that formation of charge-transfer exciton might enhance the photovoltaic effect in polymer solar cells [29]. The reason for this is the photo-excitation process in conjugated systems can not generate free charge carriers but neutral, bound electron-hole pairs so that charge transfer might facilitate the formation of free charge carriers [29]. Intermolecular charge transfer has been known to be short distance process in the organic conjugated materials. Monte Carlo simulations of the chain packing in the PPV derivatives resulted in 3.3-4.2 Å interchain separations [30]. The study of the family of stilbenoid dimers bound to a paracyclophane core showed that new interchromophore states with strong through-space interaction appear at short interchromophore distances [31]. More recently, the studies on the admixture of the charge transfer transitions in the excited states are increasingly being examined for many molecular systems [32,33,34,35]. These results indicate the necessity of further investigation the chromophore-chromophore interactions with short interchain separation, and how the charge transfer interactions affects the electronic structure of the aggregate in the organic solid.



Historically, the terminology of CT exciton is from the analogy with the similar species sometimes formed in conventional molecular crystals [36,37]. As a matter of fact, the terminology such as Frenkel excitons and CT excitons used conventionally in the field of molecular solids to describe the nature of excitations is recently widely adopted by the conjugated polymer community. The formation of CT-excitons in conjugated materials is known by several possible mechanisms. For example, after photogeneration of a singlet excited state, the excited electron may transfer to a neighboring polymer chain [38,39,40,41]. Therefore, this process leaves a hole on the original chain and an electron on the other which are bound together by the Coulomb interaction, and this bound electron-hole pair that constitutes the spatially indirect exciton. The positive and negative species on adjacent chains may be thought of as forming positive and negative polarons, leading to the alternative description as geminate interchain bound polaron pairs. Alternatively, another plausible mechanism to generate CT-excitons is from an excited-state dimer (excimer) or a ground-state dimer (aggregation). Such a species is stable as a result of resonance contributions from Frenckel excitons and CT excitons [42]. Note that the possibility of formation of these species is dependent on the proximity of the neighboring molecules and their relative orientation [43,44,45]. In this contribution, we review some of our recently quantum-chemical studies and discuss the importance of the CT exciton in the excited states of the polyene system as well as some organic materials, including oligophenylenevinylenes (OPVn), oligothiophenes (OTn), and oligophenylenes (OPn) in Section 3 [46]. Section 4 focuses on understanding the delocalization pathway (through-bond and/or through-space) in the cyclophane systems by using a CT exciton [47].



Note that although there are a number of methods reported in the literature that can abstract the charge-transfer contribution of the excited states, those methods have certain limitation for obtaining the detailed charge-transfer configuration of the excited states in the molecules. For example, the charge-transfer contribution can be calculated by a detailed analysis of the excited-state wave function of a dimer via supermolecular calculations [43]. However, the supermolecular approach does not provide the charge-transfer configuration information because of the inadequacy of the basis set construction based on completely delocalized molecular orbitals obtained by the Hartree-Fock calculations. Another approach is called the four-state approach where the model Hamiltonian is built up by a fitting procedure that can be calculated by the supermolecular method coupled with configuration interaction scheme [47]. This method only gives the HOMO to LUMO charge transfer so that usually it is only applicable to the lowest excited state and other charge transfer contributions are neglected. To achieve a more detail study of the first excited state as well as higher excited states in those organic materials, we have applied a full quantum-chemical approach, namely, the Composite-Molecule (CM) model to description the role of CT excitons in low-lying electronic excitations in a number of conjugated systems. Due to the fact that charge-transfer property is often associated with strong interchain interaction, our aim is to discuss the evolution of the charge-transfer interactions associated with the 1Bu excited state of a single chain [48,49,50], as a function of both interchain separation and chain length. In fact, it is known that the 2Ag state is the lowest excited-state for some short polyene chains [48,49,50]. However, in most common organic conjugated materials, the lowest excited-state is the 1Bu state and that is crucial to establish the optical properties in conjugated materials. For the generality, we have investigated the interaction between two 1Bu states of those organic dimers.




2. Theoretical Models


2.1. Composite-molecule (Molecule-in-molecule) method


There is a growing interest for simulation of the chromophore-chromophore interactions in the solid state. An attempt to rationalize the optical properties in the materials (thin films or crystals) is usually based on the calculation of a dimer molecule for simplicity [51,52]. Note that the number of the chromophores usually would not alter the dimer picture in the short chain limit [43], but in the long chain limit the dimer picture would not hold anymore [53]. Nowadays, the molecular exciton model and supermolecular approach have been extensively adopted to predict the changes in optical absorption and luminescence properties of conjugated molecules in condensed phase [54]. In the exciton theory, the excited-state wave functions of the molecules in the solid state are computed only considering the electrostatic interaction. Such an approximation is expected to be valid for weak interchain interactions. In the strong interaction limit, the excited-state wave function would spread out over several molecules and a suitable description of the electronic structure requires the building of delocalized wave functions. In this case, many researchers have adopted the supermolecule approach to accounts for charge-transfer interaction among different chains, which is not the case in the traditional exciton theory. To illustrate this, as given in Equation 1, a delocalized wave function for a dimer can be written as:
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(1)




where the terminology for the first term in the field of molecular solids is called Frenkel excitons (local excitons) and for the second term is CT-excitons (charge-transfer excitons). In the exciton theory, only first term is considered whereas both Frenkel excitons and CT-excitons are considered in the supermolecular approach. However, the supermolecular approach does not directly provide the information of relative weights of Frenkel excitons and CT-excitons because of the inadequacy of the basis set construction based on completely delocalized molecular orbitals obtained by the Hartree-Fock calculations. Therefore, we have adopted the composite-molecule (molecule-in-molecule) method which was originally developed by Longuet-Higgins and Murrel for studying excited states of the biphenyl systems based on the fragment molecular orbitals localized on each phenyl group [55]. Warshel and Parson extended this model to investigate the spectroscopic properties of photosynthetic reaction centers [56] and molecular crystals [57]. For organic conjugated materials and cyclophanes, this method is likely to be the most informative if we aim to obtain the dimeric properties from monomeric parameters. Based on the CM theory, the Hamiltonian can be build-up by two non-interacting monomers in which the four diagonal blocks stand for localized Frenkel exciton, CT-exciton, hole-transfer, and electron-transfer subspaces, and the off-diagonal blocks represent the interaction among them. The localized Frenkel-exciton subspace will be first partially diagonalized by an intermediate transformation [56], such that the dimer wavefunctions can be written in terms of the superposition of Frenkel- and CT-exciton instead of the local configuration-state functions.



The molecular orbitals (φ) of the individual molecules are written as linear combinations of atomic orbitals in Equation 2. The expansion coefficients (C) of monomers I and II in the dimer are obtained by solving the corresponding Hartree-Fock equations of each isolated fragments [47]. The basis function χp and χq are taken to be the pz atomic orbital on the atom p and q, respectively. The interaction between the two chromophores in a dimer is introduced at the level of configuration interaction by constructing a CI matrix (A) with the matrix elements given by
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(2)






[image: there is no content]



(3)




where N and M stand for singly excited configuration functions of chromophores I and II, respectively. δ is the Kronecker delta function and the indices, a and r, indicate the occupied and unoccupied molecular orbitals, respectively. The matrix elements of F matrix are given by Equation 4; while the two-electron integrals can be evaluated by using Equation 5 within the zero-differential overlap (ZDO) approximation. The r12 is the distance between electron 1 and 2 and γ is the two-center electron repulsion integral.
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(4)
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(5)







Subsequently, we apply the intermediate transformations on A matrix such that the local exciton subspaces are diagonalized in the local exciton wavefunctions,
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(6)




where [image: there is no content] and [image: there is no content] are the local excited configurations involving removing one electron from an occupied to an unoccupied orbitals of monomers I and II, respectively. The configuration interaction (CI) expansion coefficients (ξ) are obtained by solving the CI matrix [47]. The exciton-interaction matrix can be described by Columbic, exchange and penetration terms [58,59] where the exchange term is zero when ZDO approximation is applied. Penetration are short-range processes, which scales as the overlap between the two-chromophore orbitals (i.e., decay exponentially with distance) The conjugated chromophores with interchain interaction or intrachain chain-end interaction have been examined that Columbic interaction is good enough for describing the energy transfer process [59]. Therefore, here, we consider the most important Columbic term as given in Equation 7. The remaining submatrices in the CM model can be estimated [47].
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(7)







Based on the CM Hamiltonian, the four diagonal blocks stand for Frenkel exciton (F), CT-exciton (C), electron-transfer (te), and hole-transfer (th) subspaces, and the off-diagonal blocks (V and U) represent the interaction among them (model 1 in Scheme 1). Thus, the wavefunctions of the dimers are expressed in terms of a superposition of a local excitons and charge resonance configurations
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(8)




where ψi(M∗) is the i-th singlet state of monomer ψo(M) and ψa(M+)ψr(M-) (ψa(M−)ψr(M+)) corresponds to a charge-transfer configuration in which an electron moves from local molecular orbital ϕa of the monomer in a dimer to unoccupied orbital ϕr of the other one. The percentage of exciton resonance component and charge resonance component can be calculated
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(9)




for which wLE + wCT = 100%. Therefore, the relative weights wLE and wCT stand for a useful measure of interchain interaction for the two moieties in a dimer, which are hard to obtain from a supermolecular approach.



To abstract the importance of the charge-transfer contribution to the low-lying two excitation energies, two truncated models are compared with the CM Hamiltonian (model 1). In model 1, the CM Hamiltonian matrix of the dimer is constructed by considering all intrachain and interchain transitions within the single configuration-interaction (SCI) scheme [60]. In a next step, we have truncated this Hamiltonian to four essential frontier orbitals (model 2); that is, HOMO and LUMO orbitals on one chain and another two orbitals on the other chain. Therefore, in this model, only HOMO to LUMO charge-transfer is considered. The matrix of model 3 can be constructed by the model 1 with all CT transitions are omitted from the calculation. Based on these three models, we can elucidate the importance of the lowest CT and other CT transitions contributions to the lowest two excited states.
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Scheme 1. CM Hamiltonian matrix (model 1), truncated four-orbital CM model (model 2) and truncated CM model when CT transitions are omitted from the calculation (model 3) [46]. Reproduced with permission from American Chemical Society. 






Scheme 1. CM Hamiltonian matrix (model 1), truncated four-orbital CM model (model 2) and truncated CM model when CT transitions are omitted from the calculation (model 3) [46]. Reproduced with permission from American Chemical Society.
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2.2. Truncated composite-molecule (Molecule-in-molecule) method


Here, we introduce a simplified four-state method based on the truncated MIM Hamiltonian as shown in Scheme 2, which allows us to obtain the relative contributions of the Frenkel (local) and charge-transfer (CT) excitons in the supermolecular calculations. The truncated MIM Hamiltonian of a molecular dimer at SCI level is constructed by a minimal CI matrix, which includes only the most important transitions (two local and two CT excitons) among four essential frontier orbitals. The diagonal matrix elements F and C are Frenkel and a CT exciton, respectively. There are two kinds of the off-diagonal matrix elements. First, the exciton-exciton interaction among two localized Frenkel (CT) exciton, V and U, is responsible for the exciton delocalization. Second, the matrix elements, th and te, are the hole and electron transfer coupling, respectively. The truncated MIM Hamiltonian can be block-diagonalized with the C2 symmetry of the molecule, and then the analytical solutions can be obtained by solving the resulting quadratic equations. Combining the energies of excited states calculated by quantum chemical methods (INDO/S, TD-DFT, etc.) with the analytical solutions, this four-state approach can be used to estimate the matrix element F, C, V, and U in the effective MIM Hamiltonian. The four excited states, characterized by the symmetries of the configuration description, only two sets of the configurations are expected, the first set includes the HOMO ➔ LUMO and HOMO-1 ➔ LUMO + 1 transitions (Ef1 and Ef2 in the order of increasing energy), the other set contains the HOMO ➔ LUMO + 1 and HOMO - 1 ➔ LUMO transitions. (Ea1 and Ea2) The estimation of the electronic coupling can be obtained by a number of computational techniques [63,64,65,66]. One widespread approach is to estimate the transfer integral for holes (electrons) as half the splitting of the HOMO (LUMO) levels [67]. The applicability of this method was in good agreement with many other ab-initio calculations [68,69,70]. Therefore, this method can be used to estimate the hole (electron) transfer matrix elements for a dimer. To evaluate the coupling reasonably, we have checked the electron distribution in the essential four orbitals by the symmetric and antisymmetric combinations of the two single chromophore units.
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Scheme 2. The truncated MIM model with symmetry constraint [47]. Reproduced with permission from American Chemical Society. 






Scheme 2. The truncated MIM model with symmetry constraint [47]. Reproduced with permission from American Chemical Society.
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It is noteworthy that this method still holds in cyclophane systems where hyperconjugation between chromophores and tethers is relatively weak, which we will discuss in detail in Section 4. Within this methodology, the matrix elements of the CT-exciton (C) and its coupling (U) in this four-state model can be found as
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(10)






[image: there is no content]



(11)




where Γ and Ω are
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(12)
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(13)




Furthermore, the Frenkel exciton (F) and exciton coupling (V) can also be determined as
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(14)
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(15)







Combining transfer integrals, te and th, with the energies, Ea1, Ea2, Ef1, and Ef2, of low-lying excited states obtained from the supermolecular SCI calculation, Eqs. 10-15 can be used to determine matrix elements F, U, C and V. With all these matrix elements estimated, we can calculate the CT contributions by this simplified model.




2.3. Computational methodology


In Section 3, all the ground state structure of all monomers were computed using the semiempirical Hartree-Fock Austin Model 1 (AM1) method [71]. The excited-state wavefunctions of the monomer were obtained by the single configuration-interaction (SCI) scheme [60] with all occupied and unoccupied π-levels included within the semiempirical Pariser-Parr-Pople (PPP) Hamiltonian [56,57,72] which has been used extensively in the studies of conjugated molecules, and has given reliable results for spectroscopic and other linear or nonlinear optical properties when compared with experimental results and computationally highly extensive ab-initio calculations [73,74,75]. The reason why we chose this simple p-orbital based PPP model is that it is believed that the electronic and optical properties of conjugated molecules lie in the p orbitals of the backbone atoms, which overlap to form delocalized p molecule orbitals [76]. The parameters that we used for our PPP calculations are collected from various sources in the literature in a fairly consistent fashion.[47,77,78] Besides, our PPP calculation has been shown to be well reproduced the excitation energies as well as excited-state properties compared with the all-valence INDO/S method [47,79], which has been demonstrated to provide consistent results of excitation energies and molecular orbitals energies in comparison with the UV/Vis spectrum and ultraviolet photoelectron spectroscopy (UPS) experimental observations of conjugated molecules, respectively [80,81].



In Section 4, the ground state structure of cyclophanes were computed using the semiempirical Hartree-Fock Austin Model 1 (AM1) method [71] and the optimized geometries obtained were usually in good agreement with the X-ray structures [82,83,84]. In our study, we optimized the model cyclophanes by using both the semiempirical AM1 method and the density functional theory (DFT) method to prevent the potential artifact of the computational methods adopted [85]. In the density functional theory (DFT) method, we employed the B3LYP functional, where Becke’s three-parameter hybrid exchange functional is combined with the Lee-Yang-Parr correlation functional [86,87,88]. All DFT calculations were carried out with the 6-31G** split valence plus polarization basis set [89,90,91,92,93]. According to other reports, this method may provide reasonable cyclophane structures compared with X-ray data [94] and other ab-initio results [95]. The excitation energies and electronic structures were calculated by the single configuration-interaction (SCI) [60] scheme with all occupied and unoccupied π-levels included within the semiempirical intermediate neglect of differential overlap (INDO) model [79], as parameterized by Zerner and co-workers [80].





3. Charge-Transfer Interactions in Organic Materials


3.1. Charge-transfer interactions in polyenes


Our goal in this section is to illustrate how interchain distance and chain size alter the interchain interaction. This is exemplified below via a detailed comparison of the electronic structure of polyene dimers. Specifically, we investigate the evolution of the CT excitons as well as the interaction between local excitons and CT excitons in cofacial polyene dimers with chain size (up to 40 carbon atoms) and interchain separation (3-6 Å) by model 2. It is known that the CT excitons lie well above the local excitons when the interchain distance is large compared to the molecule size. However, for small interchain separations, CT excitons can be expected to be close or lower than that of the local excitons. The energy of the CT excitons as a function of interchain distance in cofacial polyene dimers is shown in Figure 1a. Note that the typical interchain separation of conjugated molecules in the solid state is known to be around 4 Å. It is clear that the mixing of CT exciton is sensitive to the interchain distance and the CT excitons could be lower than the local excitons for small interchain separations. For instance, when the interchain distance of the 6-site polyene dimer is shorter than 3.6 Å, the energy of CT excitons is lower than that of the local exciton. It is noteworthy that with increasing molecule size, the CT excitons lie above the local excitons.


Figure 1. Distance dependence of the calculated (a) local exciton (LE) and charge-transfer exciton (CTE) energies (b) exciton coupling (2V) and (c) interaction energies of the electron transfer (te) and hole transfer (th) of various polyene dimers, with N = 6 (black), 10 (blue), 20 (red), and 40 (green) based on the four-orbital CM model (model 2 in Scheme 1) [46]. (Note that although we provide a detail distance dependence data, the van der Waals radius of carbon is 1.7 Å). Reproduced with permission from American Chemical Society.
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The exciton couplings of polyene dimers have been estimated by a number of methods such as the point-dipole approximation, the extended dipole approximation, and the supermolecular calculations at the semiempirical level [54,97,98]. Recently, it has been shown that for conjugated systems, this semiempirical method is adequate to describe the exciton coupling when compared with the ab initio calculations [52]. The calculated exciton coupling energy (2V) as a function of the interchain separations of selected polyene dimers is shown in Figure 1b. The magnitude of the exciton coupling increases with decreasing interchain distance. For example, the polyene dimer with N = 6, those exciton couplings are d = 4 Å, 0.40 eV to d = 6 Å, 0.19 eV which are consistent with the previous ab inito calculations (d = 4 Å, 0.51 eV to d = 6 Å, 0.30 eV). More importantly, for a range of interchain separations, it reaches a relative maximum for 10-site polyene dimer in comparison with those of 6-, 20-, and 40-site polyene dimers. These calculated magnitude and trend of the exciton coupling are consistent with the results reported in the literature [54,97,98].



From Scheme 2, the interaction between the local exciton and the charge-transfer exciton can be characterized by the electron- and hole-transfer integrals. In the strong interaction limit, these charge transfer interactions are expected to be large because they depend on the spatial overlap between the molecular orbital wave functions [99]. The evolution of electron- and hole-transfer integrals as a function of interchain distance for selected polyene dimers are shown in Figure 1c. These results based on directly calculating the matrix elements of transfer intergrals are consistent with the energy-splitting estimates provided by earlier INDO calculations [100]. For instance, the polyene dimer with d = 4 Å, those hole transfer couplings are 0.18 eV for N = 6 and 0.15 eV for N = 10 which are consistent with the INDO calculations (0.16 eV for N = 6 and 0.14 eV for N = 10). It is important to note that even in a dimer constructed by two identical monomers, the transfer integrals estimated by the energy-splitting method can be affected by the difference of the site energies which is induced by polarization effect [101,102]. In the case of a cofacial dimer, the polarization effects can be ignored because of symmetry. It is clear from Figure 1c that the hole transfer interaction in 6-site polyene dimer is larger than that calculated for the electron. This feature is still holds when the chain size increases but the difference in interaction energies converge towards the same value.



Larger hole transfer interaction than that of electron as well as the chain length dependence usually can be rationalized by a simple way which is related to the number of nodal planes in the MOs [100]. However, we found that the larger hole-transfer interaction might be attributed to not only wave function phase (nodal plane) but also interchain next-nearest neighbor interaction. To illustrate this, we have adopted a very simple way to rationalize this result by considering the energy-splitting method and Hückel model (Scheme 3). Without the interchain interaction between two ethylene monomers, the electron- and hole-transfer integrals are zero. Further, if the interchain nearest-neighbor interactions in the ethylene dimer (cyclobutadiene) are considered, both the electron- and hole-transfer integrals are equal to β. Subsequently, considering both the interchain nearest and next nearest neighbor interactions, the electron-transfer integral is zero and the hole-transfer integral is 2β. Note that although the interchain next-nearest neighbor interaction should be smaller than the nearest neighbor interaction which is due to smaller overlap integral, the general picture is depicted from this approach.



To investigate this issue, the magnitude of the matrix elements of electron- and hole-transfer integrals in a cofacial ethylene dimer are equal to Equations 4 and 5, respectively, which are obtained based on perturbation theory [99].
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Scheme 3. Energy diagram of the interactions between two ethylenes based on simple Hückel model [46]. Reproduced with permission from American Chemical Society. 






Scheme 3. Energy diagram of the interactions between two ethylenes based on simple Hückel model [46]. Reproduced with permission from American Chemical Society.
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In Equations 16 and 17, the φLUMO and φHOMO denote the LUMO and HOMO molecular orbitals for individual chains, respectively, and χμis the atomic orbital centered on atom μ. If the interchain nearest neighbor interaction is β and interchain next-nearest neighbor interaction is β’, the corresponding electron and hole transfer integrals for the ethylene dimer are 2C2(β-β’) and 2C2(β+β’), respectively. Therefore, the difference between electron and hole transfer interactions is attributed to the positive and negative sign and β’. The sign results from the phase of wave function and β’ is the interchain next-nearest neighbor interaction. Thus, the interchain next-nearest neighbor interaction is a key factor to result in different transfer interaction energies. Accordingly, we emphasize that the key factors for the difference in the hole- and electron coupling should be the cooperative effect induced by the wave function phase (nodal plane) and the interchain next-nearest neighbor interaction.
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Scheme 4. Simplified configuration interactions in the excited state for a dimer based on four-orbital model. The definition of all symbols is described in Section 2. 
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The excited state wave function can be written by linear combination of the four configurations as shown in Equation 1 and Scheme 4. Note that the delocalized dimer wave function is consisted of two Frenkel and two charge transfer configurations. It is important that the interactions between those configurations are distance dependence as shown in Figure 1b and 1c. Therefore, when the distance between two chromophore decreases, one can expect that the excitation energy would be perturbed by the charge transfer contributions via electron- and hole-transfer interactions. Now, we first address the effect of the charge-transfer interactions on the two low-lying singlet transitions. In Figure 2, we display the evolution of the two excitation energies of the N-site polyene dimers (N = 6, 10, 20 and 40) as a function of interchain distances. To illustrate the importance of the HOMO to LUMO charge-transfer as well as other charge-transfer contributions to the two singlet excitation energies, we have compared the calculation results based on models 1-3 which have been described in the methodology section. Note that excitations computed by model 3 can be viewed as references where only electrostatic interactions between two chains are included in the calculations so that the larger CT contributions, the larger the deviations between the results calculated by model 1 (model 2) and model 3. In model 3, as shown in Figure 2, the first (second) transition energies of all the polyene dimers decreases (increases) monotonically with decreasing the interchain distances. These results can be rationalized by a simple exciton interaction picture [100]. Now, we consider model 1, where both the two excitation energies matches well with the transition energies calculated by model 3 when interchain distance larger than 4.5 Å but a large deviation was found when the two polyene chains are close in space (d < 4.5 Å). Recall the results in Figure 1: the energy of the charge-transfer exciton is close to that of local exciton when the interchain distance is lowered from 4.5 Å to 3 Å. Moreover, that electron and hole couplings among local exciton and charge-transfer exciton are also amplified in this strong interaction region (see in Figure 1c). Based on these results, the charge-transfer transitions would reasonably affect the excitation energies when the interchain separations are smaller than 4.5 Å. In the strong interaction region (d < 4.5 Å), both transition energies of the 6- and 10-site polyene dimers decrease with decreasing the interchain distances with respect to the transition energies calculated by model 3. For 20- and 40-site polyene dimers, the evolution of the first transition energies is similar to those of shorter polyene dimers. However, the deviation of the second transition of the 20- and 40-site polyene dimers appears around 3.6 Å and 4.0 Å, respectively. When the interchain distances are smaller than that, it is interesting to note there is a sharp decrease of the second transition energy which is even more sensitive than the first transitions. The energy gaps between the two excited states show a peak behavior with an increase followed by a drop for 20- and 40-site polyene dimers; see the inset of Figure 2. These results indicate that there is a significant discrepancy in the two excitation energies with respect to the excitation energies calculated by model 3. Therefore, the charge-transfer interaction should play a critical role for the distance dependence of the two excitations in those polyene dimers.


Figure 2. Distance dependence of the two low-lying excited states of various polyene dimers, with N = 6 (a), 10 (b), 20 (c), 40 (d) calculated by model 1 (black), model 2 (blue) and model 3 (red line). The insets show the evolution of the energy gap of the two transitions as a function of the intermolecular distance (calculated by model 1). For clarity the data calculated by model 3, we specify the exact values at 3.0 and 5.0 Å for N = 6 (S1:4.657 eV, 4.827 eV; S2:5.264 eV, 5.098 eV), 10 (S1:3.580 eV, 3.722 eV; S2:4.174 eV, 4.037 eV), 20 (S1:2.814 eV, 2.893 eV; S2:3.227 eV, 3.153 eV), 40 (S1:2.558 eV, 2.596 eV; S2:2.784 eV, 2.748 eV) [46]. Reproduced with permission from American Chemical Society.
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In comparing to the transition energies calculated by model 1 and model 2, it is clear that only HOMO to LUMO charge-transfer transition contributes to the first excited state for 6-site polyene dimers. With increasing size of the polyene chains, the HOMO to LUMO configuration still holds major contribution to the lowest excitation energy whereas some discrepancy was found that can be attributed to the contribution from other higher energy charge transfer configurations. On the other hand, the influence of the HOMO to LUMO charge transfer transition on the second excited-state is quite sensitive to the polyene chain lengths. For short chains such as 6-site polyene, the second excitation energy is mainly due to HOMO to LUMO charge transfer. However, the second excited-states of 40-site polyene dimer calculated by model 2 and model 3 are superimposed, which indicate that the HOMO to LUMO charge-transfer only has a negligible contribution to the second excitation energy. Thus, when the interchain separation is smaller than 4 Å, there is a significant charge-transfer contribution to lower the second excitation energy which is attributed to charge-transfer transitions with higher energy than that of HOMO to LUMO.



According to these results, we conclude that in the strong interaction limit, the evolution of the two transition energies for 6- and 10-site polyene dimers is attributed to the HOMO to LUMO charge-transfer interactions. For the 20- and 40-site polyene dimers, in the region of increasing the energy gap between two transitions, these results can be explained by (a) lowering the first excitation energies and (b) the HOMO to LUMO charge-transfer transition being the major and partial contributions that affect the transition energies. On the other hand, in the region of decreasing energy gap between two excited states, we conclude that this behavior mainly arises from lowering the second excitation energy where the major charge-transfer contribution is not from HOMO to LUMO charge-transfer transition. When comparing the second excitation energies calculated by model 1 and model 3 as shown in Figure 2, it is interesting to note that there is a non-negligible charge-transfer contribution for 10- and 40-site polyene dimers with interchain separation by around 3.6-4.0 Å, but it is not the case for 20-site polyene dimer which indicates that there is a minimum charge-transfer contribution to the second excitation energy with appropriate chain size and interchain separation. Based on the calculation results described above, we conclude that in the weak interaction region (d > 4.5 Å), the truncated model 3 is applicable because the contribution of the CT exciton is negligible small. On the contrary, in the strong interaction region (d < 4.5 Å), the truncated model 2 is applicable only for smaller polyene dimers, because many higher lying configurations would contribute to the second excited state when larger chromophores are considered. Thus, model 1 is necessary for calculating the second transition energy of a given polyene dimer with longer chain length. Moreover, in the strong interaction region, the simple four orbital model (model 2) is useful to describe first excitation energy of N-site (N < 20) polyene dimers. With increasing the chain length, for example 40-site polyene dimers, there are some contributions from other charge transfer transitions that can obviously lower the transition energy. For the second transition, the number of essential charge transfer configuration increases with increasing chain size as the spacing between higher excited states decreases. In this case, the four orbital model only can be applicable to shorter N-site (N < 10) polyene dimers based on our calculations.



Low-lying transitions of a dimer are closely related to optical properties of the organic materials in the solid state [100]. For example, the CT contribution to the first excited state is usually related to the efficiency of the organic light-emitting diode (OLED) materials because the CT exciton is detrimental to the quantum yield of the material and its contribution to the second excited state is possibly related to the efficiency of the solar cell materials (the CT contribution is believed to increase the efficiency of the material) for the reason that when considering a face-to-face packing dimer with appropriate interchain distance, the second transition is one-photon allowed [100]. Therefore, the comparison of the charge-transfer contributions of the two excited states may provide an insight into which application is possible from the perspective of a given chemical dimer structure since the number of chromophores usually would not alter the dimer picture in the short chain limit [43]. To understand this in detail, in Figure 3, we have investigated the dependence of the charge-transfer wave function (in percentage) in the two excited states as a function of chain size calculated by the model 1. Table 1 shows that the magnitude of the CT% to the first excitation is monotonically decreased with the chain size as well as the interchain separation. The CT% contribution to the second excited state first increases with chain length, reaches a maximum, and then decreases for longer conjugated segments to reach a minimum.


Figure 3. Dependence of the CT wave function (percentage) of lowest excited-state (blue) and second excited-state (red) as a function of chain size, with interchain distance d = 3.6 Å (upper), 3.8 Å (middle), 4.0 Å (lower), calculated by the CM model [46]. Reproduced with permission from American Chemical Society.
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Table 1. Calculated electronic transitions and state functions for cofacial polyene dimers separated by 3.8 Å [46]. Reproduced with permission from American Chemical Society.







	
N-site

	
Ε a

	
Ε b

	
CT% a

	
Major CT-state function a






	
6

	
4.40 (E1)

	
4.40 (E1)

	
35.0

	
0.42 HM1(M2) → LM2(M1) (100%)c




	

	
4.91 (E2)

	
4.91 (E2)

	
69.9

	
0.59 H M1(M2) → L M2(M1) (99.6%)




	
10

	
3.38 (E1)

	
3.38 (E1)

	
29.1

	
0.38 H M1(M2) → L M2(M1) (99.2%)




	

	
3.95 (E2)

	
3.96 (E2)

	
65.9

	
0.57 H M1(M2) → L M2(M1) (98.6%)




	
20

	
2.64 (E1)

	
2.64 (E1)

	
22.9

	
0.33 H M1(M2) → L M2(M1) (95.2%)




	

	
3.17 (E2)

	
3.17 (E2)

	
10.5

	
0.22 H M1(M2) → L M2(M1) (92.2%)




	
30

	
2.46 (E1)

	
2.46 (E1)

	
20.9

	
0.29 H M1(M2) → L M2(M1) (80.4%)




	

	
2.84 (E2)

	
2.84 (E2)

	
27.2

	
0.24 H-1 M1(M2) → L M2(M1), 0.25 H M1(M2) → L+1 M2(M1) (88.3%)




	
40

	
2.39 (E1)

	
2.39 (E1)

	
20.0

	
0.27 H M1(M2) → L M2(M1) (72.9%)




	

	
2.62 (E2)

	
2.62 (E2)

	
23.9

	
0.22 H-1 M1(M2) → L M2(M1), 0.22 H M1(M2) → L+1 M2(M1) (81.0%)








a Calculated by CM method (model 1) and Energy in eV; b Calculated by supermolecular model.[47,54]; c Major CT Contribution to the overall CT wavefunction (in percentage).










There is a window for which the contribution of the CT% to second excited is smaller than that of first excited state when the interchain distance is 3.8 and 4.0 Å. More importantly, with further chain size increases after the CT% reaches the minimum, the CT% contribution to the second excitation was suddenly increased and then decreased monotonically thereafter. For instance, the jump points appear at 28- and 38-site polyene dimers with interchain distance of 3.8 and 4.0 Å, respectively. These results indicate that besides the HOMO to LUMO charge transfer, there is a new charge transfer contribution to the second excited state and this contribution is sensitive to the chain size and interchain distance. The contribution of the new charge-transfer transitions to the second excited state can be even larger than HOMO to LUMO contribution to the first excited state. Based on the calculation results, we can envision that for a given organic material with larger conjugated length, the charge-transfer contribution to the second transition in a cofacial packing might be due mainly to this contribution mainly. For example, the contribution of charge transfer interaction in the higher-lying excited state of porphyrin molecules has been studied recently [103,104,105,106,107]. To get a deeper insight into the origin of the CT contributions to the lowest two excited states in the polyene dimer, we have examined the configuration-state function for the polyene dimer with interchain separation by 3.8 Å in Table 1. The major CT contribution to the first excited state is from HOMO to LUMO and then monotonic decreases with chain size. For the second transition, the HOMO to LUMO charge transfer configuration holds the major CT contribution for short chain polyene dimer. With increasing the chain size, this CT contribution decreases but the CT contribution decreases and the CT% from two CT configurations suddenly increase (these are HOMO-1 to LUMO and HOMO to LUMO + 1 charge-transfer configuration-state functions). These transitions are similar to the porphyrins’ excitations because of symmetry [43,44,56,108,109,110,111]. It is useful to have a closer look at the CT% distribution in the lowest two excited states. In Figure 4, we display the contour plots of the CT% as a function of chain size and interchain separation. The calculated chain-length and interchain separation dependence of the CT% for the first excited state showing higher CT% appears when smaller chain length and interchain separation are considered. The CT% distribution of the first excited state is almost lower than 50%. For the second excited state, it is significant that there is a region where the CT% higher than 50%. The calculated CT% shows a maximum around 8-site polyene dimer with interchain distance 3.3 Å and the CT% reaches 75%. Interestingly, there is a region where the chain-length dependence of CT% exhibits a minimum with interchain separation around 3.6-4.0 Å.


Figure 4. Contour polts of the CT exciton (in percentage) as a function of interchain distance (x axis) and chain size (y axis) of the first (right) and second (left) excited states in polyene dimers calculated using model 1 [46]. Reproduced with permission from American Chemical Society.
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In order to avoid the artifact of the sudden increase of the CT% in Figure 3, we have performed the supermolecular calculations on polyene dimers with various chain sizes and the data is collected in Table 1. In comparison of the excitation energies calculated by CM method (model 1) with the supermolecular approach, these results suggest these excitations calculated by CM model are perfectly consistent with the supermolecular calculations, which means state functions of these transitions should not result from an artifact. To understand the data reasonably, we also analyze the lowest three excited states as a function of chain size (Figure 5). It is interesting to note that there is a crossing point for 28-site polyene dimer. This result reveals that it is reasonable to have a sudden change of the CT% of the second excitation which is due to exchange of two electronic states and that is consistent with the sudden increase of CT% of second excitation for 28-site polyene dimer in the middle of Figure 3.


Figure 5. Chain size dependence of the three low-lying excited states of polyene dimers with interchain distance of 3.8 Å (calculated by model 1).
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3.2. Charge-transfer interactions in OPV, OT and OP


To check the general applicability of the conclusions above to more practical organic materials, in the following we apply the CM method to identify the CT contributions to the low-lying singlet excited states in a number of well-known organic materials, including oligophenylenevinylenes (OPVn), oligothiophenes (OTn), and oligophenylenes (OPn). Based on our previous study on polyene system, the energy of the charge-transfer exciton is close to that of local exciton when the interchain distance is lowered from 4.0 Å down to 3.0 Å. Besides, electron and hole couplings (off-diagonal terms) are also amplified in this strong interaction region. The distance dependences of the CT mixing in the lowest two excited states of OPVn, OTn and OPn are shown in Figure 6. There results indicate that CT contributions to the two low-lying excited states of those oligomer dimers increase with decreasing interchain distance.


Figure 6. Dependence of the CT wave function (percentage) of lowest excited-state (blue) and second excited-state (red) for (a) PVn(b) Tn and (c) Pn systems as a function of chain size, with interchain distance d = 3.6 Å (upper), 3.8 Å (middle), 4.0 Å (lower), calculated by the CM model.
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The distance dependence of the CT contribution to the first excited state in the stilbene (OPV2) is consistent with the early INDO calculations by Cornil et al. [43]. These results might be related to some experimental data reported in the literature where the external pressure which changes the interchain distance can influence the quantum yield of conjugated systems [28]. The experimental results indicate that larger external pressure will dramatically decrease the emission intensity of the PPV [28]. Besides, we found that when the interchain distance falls into the range of 3.6-4.0 Å, the CT contribution of first excited states in those organic dimers is apparently large as shown in Figure 6. Note that the CT% of the first excited state of the oligomer pairs is slightly chain-length dependent. For instance, in the case of OPVn with an interchain distance of 3.6 Å, this CT contribution of the first excited state drops from 26.9% when n = 2 to 23.1% for n = 7. For larger interchain separation, this effect is more significant. The trends of OTn and OPn are similar to OPVn, the only difference between those oligomer dimers is that the CT contributions of the first excited states of OTn and OPn are slightly higher and lower than that of OPVn, respectively. More interestingly, with increasing the chain size when the CT% reaches the minimum, the CT% contribution for the second excitation was suddenly increased and followed by a monotonic decrease. For instance, the jump points appear at OPV5 and OPV6 dimers with interchain distance by 3.6 and 3.8 Å, respectively. These results indicate that a new charge transfer contribution to the second excited state which is sensitive to the chain size and interchain distance. This new charge-transfer transitions that contributes to the second transition can be even larger than the CT mixing to the first transition. Based on the calculation on the dimer pairs, we found this behavior is quite general in the organic materials with larger conjugated length, and the charge-transfer contribution to the second excited state in a cofacial packing might be due to this contribution mainly. Analysis of the state function obtained by CM model provides a deeper insight into the origin for the CT contributions to the lowest two excited states in the oligomer dimers. We have examined the configuration-state function with interchain separation by 3.8 Å as shown in Table 2. In general, the major CT contribution to the first excited state is from HOMO to LUMO charge transfer but this contribution decreases with chain size [45,46]. Although transition energies of those oligomer dimers are quite different, the trends of the CT contributions in those dimers are quite similar; that is, the major CT contribution of the first excited state of smaller oligomer dimers is from HOMO to LUMO charge transfer and it decreases with chain size. For the second transition, the HOMO to LUMO charge transfer is the major CT contribution for shorter oligomer dimers. With increasing the chain size toward the long-chain limit, the major CT contribution is from two CT configurations which are HOMO - 1 to LUMO and HOMO to LUMO + 1 charge-transfer configuration-state functions.



Table 2. Calculated Electronic Transitions and State Functions for Cofacial polymer OPVn, OTn, OPn Dimers Separated by 3.8 Å.







	

	
Ε a

	
CT%

	
CT-State function

HM1(M2)→LM2(M1) H-1 M1(M2)→L M2(M1)+

H M1(M2)→L++1 M2(M1)






	
PPV2

	
3.70 (E1)

	
18.5

	
97.3%

	




	

	
4.15 (E2)

	
8.8

	
100.0%

	




	
PPV7

	
2.80 (E1)

	
15.1

	
70.1%

	




	

	
3.02 (E2)

	
17.4

	

	
83.0%




	
TP3

	
2.70 (E1)

	
21.2

	
96.6%

	




	

	
3.23 (E2)

	
5.0

	
100.0%

	




	
TP10

	
1.89 (E1)

	
16.8

	
74.4%

	




	

	
2.17 (E2)

	
20.3

	

	
82.9%




	
PPP3

	
3.68 (E1)

	
17.1

	
98.4%

	




	

	
4.08(E2)

	
6.4

	
100.0%

	




	
PPP10

	
3.07 (E1)

	
13.8

	
70.1%

	




	

	
3.27 (E2)

	
15.7

	

	
82.5%








a Energy in eV.














4. Charge-Transfer Interactions in Cyclophanes


Cyclophane molecules are promising candidates for designing a new class of organic-based electro-optical devices because the chromophore-chromophore interactions with well defined distance and orientation can be easily controlled [112]. Recently, bichromophoric and multichromophoric cyclophanes have been studied for organic solids [113,114,115], biosensors [116,117], eletrocyclic reactions [118,119,120,121], two-photon absorptions [122,123,124], mixed-valence systems [125,126], and nonlinear optical materials [16,17,18]. Particularly, Bazan et al. have exploited the advantage of well-defined three-dimensional structures in cyclophanes that contains [2.2]paracyclophane core and found their potential applications in designing organic nonlinear optical materials [16,17]. More recently, it has been shown that chromophores with twisted π-electron systems in a cyclophane system having five-membered hetero-aromatic rings as electron donors and a bridging double bond as electron acceptor exhibit molecular hyperpolarizability with exceptionally high μβ values [18,127]. Interestingly, quantum-chemical calculations suggest that these cyclophane architectures with one or two unsaturated bridging double bonds reveal intramolecular charge transfer characteristics in the lowest excited state [18,127]. Accordingly, it is intriguing to study the nature of the excited states delocalization in detail for these bichromophoric cyclophanes with unsaturated tethers.



Here, we roughly distinguished the bichromophoric cyclophanes into three classes according to the dihedral angles between chromophores and the tethered double bonds as shown in Scheme 5. For molecules belonging to class I, the π-orbitals on the chromophore are almost perpendicular to π-orbitals on the tethers, and the pathway for this kind of excited state delocalization is clearly through-space. On the other hand, for molecules in class III, the π-orbitals of the chromophore are parallel to those of tethers and the delocalization pathway should be through-bond. The most interesting behavior appears in molecules belonging to the class II, where both kinds of delocalization pathways contribute to the transannular interaction between chromophores. It is an interesting synthetic challenge to construct cyclophane molecules belonging to the class II. Incorporation of five-membered heteroaromatic rings into teraryl-cyclophane system could lead to a dihedral angle between chromophore and tether of about 40-45 degrees. We have previously synthesized the furan-containing cyclophanes containing saturated and unsaturated tethers [18,127]. Cyclophanes with double-bonded tether could have a new low energy band in the absorption spectrum but the corresponding saturated cyclophane with only single bond tether did not. These results suggest that the three-dimensional cyclophene reveals a new charge resonance (CR) band. The delocalization pathway of the new CR band could come from through-bond and/or through-space delocalization. The main issue we want to address here is the delocalization pathway of the class II cyclophanes.
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Scheme 5. Three types of dimeric cyclophandienes with various dihedral angles between chromophores and tethered double bonds [47]. Reproduced with permission from American Chemical Society. 






Scheme 5. Three types of dimeric cyclophandienes with various dihedral angles between chromophores and tethered double bonds [47]. Reproduced with permission from American Chemical Society.
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The main suggestion here is that the weight of the CT-exciton in the wavefunction can be used to determine the nature of delocalization (through-bond and/or through-space) in the cyclophane excitations. As discussed above, the widespread theoretical model, the supermolecular approach [54], in studying cyclophanes could not directly provide this critical information because of the inadequacy of the basis set based on completely delocalized molecular orbitals obtained by the Hartree-Fock calculations. CM calculation based on the construction of CI matrix with localized molecular orbitals is exploited to address the nature of excited states in the class II molecules. Furthermore, we also propose a simplified four-state CM model to extract electronic coupling from the calculation based on the supermolecular calculation. To the best of our knowledge, the nature of excited-state delocalization of cyclophane systems with a double-bonded tether has not been studied in detail; therefore, we try to find the influence of the π-bond tether on the CR band in the lowest-lying excited state by using the truncated CM method. As discussed above, the wavefunction of an excited state can be divided into two parts: local exciton and CT exciton contributions. The contribution of the CT exciton could be enhanced in double-layered cyclophane systems when the distances between two chromophores are close in space, and, therefore, this key information can be applied to determine the delocalization pathway by the CM method.



The two benzene moieties in the AM1 optimized geometry of molecule 1 are almost lying in a near face-to-face arrangement with dihedral angle between the tethered double bond and the benzene moiety about 83° (CaCb - CcCd in Scheme 6). Hence, this molecule is an ideal model compound belonging to the class I. Similarly, the AM1-optimized geometry of molecule 2 also shows a slightly tilted cofacial arrangement of the two teraryl chromophores with a dihedral angle around 75°. Note that the aromatic rings in molecule 1 and 2 are both connected in para-linkage positions with the geometries belonging to the class I. On the other hand, the molecules with the meta-linkage have qualitatively different optimized geometries since their dihedral angles are reduced significantly. Hence this kind of molecules belongs to the class II. For instance, the AM1-optimized dihedral angle for molecule 3 is about 45°. In this regard, introducing meta-linkage aromatic moieties into cyclophanes may lead to molecular systems for studying class II models. Incorporation of five-membered heteroaromatics such as furan, thiophene and pyrrole can also be viewed as a particular case of meta-linkage cyclophane. The main difference between the meta-benzene and five-membered heteroaromatics is that the meta-benzene would interrupt the conjugation at two ends, while five-membered heteroaromatics remain efficient conjugation among them. In this article, the furan-containing [2.2]cyclophandiene 4 was employed as a model compound for class II. The AM1-optimized dihedral angle for this molecule is 45°, which is quite close to the value obtained from DFT-optimized geometry, 40°, indicating that the cyclophandiene 4 could be considered as class II molecule.
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Scheme 6. Molecular structures of cyclophandiene 1-4 [47]. Reproduced with permission from American Chemical Society. 






Scheme 6. Molecular structures of cyclophandiene 1-4 [47]. Reproduced with permission from American Chemical Society.
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The nature of delocalization pathway in the lowest excited state of a cyclophane molecule can be rationalized by quantitatively studying the CT-exciton contribution of the corresponding excited state wavefunction in the CM representation. Here, we adopt a simple strategy to determine the relative importance of the through-bond and through-space contributions in cyclophane by comparing the weights of CT-excitons in the lowest excited state for the cyclophane under study and the hypothetical molecule with different fragmentation schemes as discussed in previous section. The results of calculations using the PPP and INDO Hamiltonians for excited states and the AM1 and DFT methods for the ground-state geometry are shown in Table 3. For the molecule 1 (entry 1 in Table 3), we can see that the contribution of the CT-exciton to the lowest excited state is close to that of the same molecule with the double-bond tethers removed. This can easily be understood since p-orbitals on tethers are almost perpendicular to those on benzene moieties. More careful examination shows that the weight of CT exciton diminishes slightly with the introduction of the tethers due to the increasing of conjugation length at chain end for the two chromophores in the cyclophane, and therefore the excitonic interaction is reduced. We could reasonably suggest that molecule 1 belongs to through-space case according to relative CT-exciton contributions. This is in agreement with the conclusions deduced from the NLO studies in which cyclophanes derived from the [2.2]paracyclophane are shown to be through-space delocalization [16,17].



Table 3. The relative contributions of CT-exciton to the lowest excited state of cyclophandiene 1-4 [47]. Reproduced with permission from American Chemical Society.







	
Entry

	
num (opt)

	
no tether (CT %)

	
tether (CT %)

	
T-space : T-bond (%)






	
1

	
1 (AM1) a

	
27.79

	
27.04

	
100 : 0




	
2

	
2 (AM1) a

	
6.32

	
5.22

	
100 : 0




	
3

	
3 (AM1) a

	
0.14

	
19.65

	
1 : 99




	
4

	
4 (AM1) a

	
0.99

	
4.41

	
22 : 78




	
5

	
4 (DFT) a

	
0.60

	
6.85

	
9 : 91




	
6

	
4 (AM1) b

	
0.74

	
2.51

	
29 : 71




	
7

	
4 (DFT) b

	
0.46

	
4.87

	
9 : 91




	
8

	
4 (AM1) c

	
0.65

	
3.12

	
21 : 79




	
9

	
4 (DFT) c

	
0.36

	
4.52

	
8 : 92








a CM/PPP (Full SCI) model; b CM/PPP (Four State) model; c CM/INDO(S) (Four State) model.










For cyclophane 2 consisting of two para-connected teraryls with or without tethers removed as shown in the entry 2 of Table 3, the CT-exciton contributions to the lowest excited state decreased significantly due to the increasing chromophore length. Similar to the molecule 1, through-space pathway is still the dominant channel for delocalization since this molecule also has the near cofacial arrangement. However, the molecule 3 with meta-connected moieties exhibits a significant CT-exciton contribution only when the tether was attached and, thus, this molecule can be regarded as belonging to the through-bond delocalization type. For molecule 4, the contribution of CT-exciton for situation without tethers is also very small just like that of the molecule 3, whereas the weight of CT-exciton can be enhanced almost five-fold by introducing the double-bond tethers. This means that the presence of tethers could significantly increase the electronic communication between two chromophores in the cyclophane. The calculated CT-exciton contribution based on the DFT-optimized geometry of molecule 4 shows a qualitatively similar result, except that the relative through-bond contribution is about 10% larger (entry 4) with respect to AM1 results (entry 5). This feature is owing to the smaller dihedral angle of the DFT geometry of 4. Although these two structures are slightly different, the data indicate that molecule 4 is a case of through-bond delocalization.



We also examined the effect of the number of orbitals (n) included in the CM CI matrix on the nature of delocalization pathway for molecule 4 at two different optimized geometries using AM1 and DFT methods. The percentage of the through-bond delocalization for molecule 4 at the AM1-optimized geometry is quite sensitive to the number of orbitals included as shown in Figure 7. The through-bond contribution changes from 35% to 77% as the number of orbitals included is changed from 4 to 36. It is worth noting that, for the AM1 geometry, in the truncated model with only four orbitals, the through-bond contribution is smaller than that of through-space, whereas in the situation with more than twelve orbitals included, the through-bond channel becomes the dominant delocalization pathway. Alternatively, the through-bond contribution changes slightly from 82% to 91% with the increasing number of orbitals for the optimized geometry by the DFT method, which might be due to the fact that the DFT-optimized geometry shows a slightly planar structure (40°) than that by the AM1 calculation (45°).


Figure 7. Various truncated CM model for molecule 4 with different optimized geometries for AM1 geometry (blue) and DFT geometry (red) [47]. Reproduced with permission from American Chemical Society.
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We proposed a four-state CM model parameterized by supermolecular calculations such as PPP or INDO/S with SCI scheme. The critical information of the parameterized treatment other than SCI results is to obtain electron and hole transfer integrals by half of the splitting of the HOMO and LUMO levels of two monomers. Here, we discuss the orbital interaction by disconnection of the molecule 4 to two terayl chromophores and two tethers as given in Figure 8a. First, we consider two non-interacting identical teraryl monomers without tethering double bonds. In the absence of any through-space π-π interactions, two HOMOs (LUMOs) of the two monomers are degenerate in energy. When the two monomers do interact, the HOMOs (LUMOs) are split into two levels as shown in Figure 8b. In general, the splitting energy for HOMOs is generally larger than that of LUMOs which can be rationalized by the number nodal planes in these MOs. Therefore, through-space π-π interactions would lead to the hole transfer integral larger than electron transfer integral. In the following, the origin of the orbital interaction and molecular symmetry will be discussed. Since the molecule 4 belongs to the C2h point group, the rotation about the two-fold axis, which interchange two fragment molecular orbitals, can be used to classify the delocalized molecular orbitals [128,129]. Now, we consider πorbitals on two teraryl chromophores. After operating the C2 rotation on the delocalized molecular orbital, the symmetry symbol of this orbital is A when the phase of the orbital changed and the other situation is S. Accordingly, the four frontier energy levels with through-space π-π interactions, are classified as ASAS symmetry in the order of descending energy. Second, we include the tether portions, and it is reasonable to single out the essential σ and π orbitals without considering the σ bonds between tethers and chromophores [128,129]. The symmetries of the HOMO and LUMO of the π bond in the tether are A and S, respectively. According to the symmetry constraint, the HOMO (A) of the π bond in the tether would interact with the HOMO (A) and LUMO + 1 (A) of the chormophore portion and also the LUMO (S) of the π bond in the tether can interact with the LUMO (S) and HOMO-1 (S) of the chromophroes. It is noteworthy that the SS π-π interaction is bonding/constructive as shown in Figure 8b. According to perturbation theory, the SS interaction between LUMO of the π-bond tethers and the LUMO of the chrompores would be larger than that of HOMO-1 because of energy difference of the energy levels. As a result, the splitting of the LUMO and LUMO + 1 would be enhanced by through-bond (π) interaction. Note that after allowing through-bond π−π interaction, the energy levels would remain the same symmetry order as those of through-space. Therefore, both through-space (π−π) and though-bond (π−π) interaction will increase the splitting energy and this character might be used for the estimation of the electron and hole transfer integrals. Otherwise, if any, the through-bond (σ−π) interaction is considered, the symmetry symbols of the sigma orbitals are SASA in the order of descending energy. This feature may reduce the estimated transfer integrals, and the CM four-state model would not work well when the σ−π interaction is significant because of underestimation of the transfer integrals. The truncated four-state model provide a reasonably connection compared with CM/PPP (Full SCI) as shown in Table 3. The parameters for the four-state model is based on PPP and INDO/S Hamiltonian with a SCI scheme, and both the AM1 and DFT geometries of 4 show reasonable relative CT-excitons (entry 6-9 in Table 3). These results indicate the nature of the delocalization in the lowest excited state of molecule 4 is mainly due to through-bond pathway. This truncated model gives a good agreement with CM/PPP (Full SCI) method which is according to correctly estimate electron and hole transfer integrals. The CM/INDO(S) four state model gives consistent results compared with CM/PPP (Full SCI) method which indicates that the through-bond (σ−π) contribution to the excited state is negligible in molecule 4. It is noteworthy that the comparable results of CM/INDO(S) and CM/PPP (Full SCI) calculations are cross reference. In other words, the π-based CM/PPP (Full SCI) model as well as the truncated four-state model might be good enough for determining the delocalization pathway in the lowest excited state.


Figure 8. Orbital diagram for “through-space’’ and “through-bond’’ interaction in the class I/II cyclophandienes with C2 symmetry element [47]. Reproduced with permission from American Chemical Society.
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The measurement and interpretation of the electronic spectra of biphenylene have been extensively studied throughout last few decades. Recently, biphenylene-based cyclophane 5 has been synthesized by Leung et al. [51].


 [image: Materials 03 04214 i001]











In our theoretical treatment, we mimic the electronic properties of 5 by a model with two biphenylene units in close contact. On the basis of the AM1-optimized biphenylene geometry, we compute excited state properties of the cofacial (H-type) and head-to-tail (J-type) dimers by model 1. The stackings of the biphenylene units in the form of H-aggregation and in the form of J-aggregation are then compared.
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The nature of electronic excited states of cyclophane consisting of two cyclic π-electron systems derived from a 4N-electron perimeter is quite different from those systems based on a (4N + 2)-electron perimeter. To explore the effect of the transannular interaction on the most important low-lying electronic excited states, particularly, the relative weights of local exciton and chargetransfer exciton, we have adopted the composite-molecule method of Longuet-Higgins and Murrel [55] to perform configuration interaction (model 1). Two types of biphenylene cyclophanes and their face-to-face (H-type) and head-to-tail (J-type) arrangements are investigated. The perpendicular distance between two plarnar biphenylenes is chosen to be within 3.0-4.5 Å. For a qualitative discussion, only a situation with d = 4.0 Å is reported. To facilitate the discussion, we show a schematic diagram of six local perimeter molecular orbitals and the corresponding energy diagram of a monomeric biphenylene in Figure 9. There are two types of electronic excitations: those excitations involve the creation of local exciton and those configurations with charge transfer between two moieties in the cyclophane. The notation and classification of molecular orbitals and electronic states closely follow the perimeter labels proposed by Fleischhauer et al. [73] Only five (out of 10) essential local exciton states and five (out of 10) charge transfer configurations are shown in Figure 9.


Figure 9. Hückel MO’s of the J-aggregated biphenylenes, their energies, perimeter labels, and the five singly excited configurations responsible for the S1, N1, N2, P1, and P2 states. [51]. Reproduced with permission from American Chemical Society.
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The results of calculations for the biphenylene cyclophane in the two different spatial H-type and J-type aggregations are shown in Table 4 and Table 5. The state correlation diagram of these two states between monomer and two types of cyclophanes is shown in Figure 10. The lowest two electronic states of the H-aggregated and the J-aggregated biphyenylenes (states 1 and 2 in Table 4 and Table 5) originate from symmetric and antisymmetric linear combinations of monomeric s–→ s+ local transitions. Both states have vanishing oscillator strength as expected from the null value of corresponding monomeric transitions. The experimental observations of weak fluorescence progression around 530-550 nm are probably due to the vibronic borrowing effect [51]. In addition, the larger overlap between two moieties in the H-type cyclophane with face-to-face arrangement leads to a small mixing of charge-transfer configuration. The exciton coupling between two moieties estimated from the energy splitting between these two states ranges from 0.1 eV (J-cyclophane) to 0.5 eV (H-cyclophane). With such a small exciton coupling, we expect that these two low-lying electronic states exhibit trapped localized excitation in the presence of exciton-phonon coupling.


Figure 10. State correlation diagrams of biphenylene, H-aggregrated biphenylene dimer (d = 4 Å), and J-aggregrated biphenylene dimer (d = 4 Å). [51]. Reproduced with permission from American Chemical Society.
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Table 4. Calculated Electronic Transitions for [2,2]Biphenylenophane in H-Aggregation, the Face-to-Face Arrangement. [51]. Reproduced with permission from American Chemical Society.







	
State

	
Ea

	
f

	
state function






	
1

	
26.96

	
0

	
0.69[image: there is no content] + 0.15[image: there is no content]




	
2

	
27.46

	
0

	
0.70[image: there is no content]




	
3

	
31.02

	
0

	
0.69[image: there is no content] + 0.12[image: there is no content]




	
4

	
31.71

	
0.19

	
0.70[image: there is no content]




	
5

	
36.67

	
0

	
0.70[image: there is no content]




	
6

	
37.09

	
0

	
0.69[image: there is no content] + 0.15[image: there is no content]




	
7

	
40.24

	
0

	
0.52[image: there is no content] + 0.44[image: there is no content] + 0.18[image: there is no content]




	
8

	
41.19

	
0.03

	
0.70[image: there is no content]




	
9

	
42.33

	
0

	
0.54[image: there is no content]- 0.42[image: there is no content]- 0.14[image: there is no content]




	
10

	
42.76

	
0

	
0.68[image: there is no content] - 0.19[image: there is no content]




	
11

	
43.54

	
0.22

	
0.70[image: there is no content] + 0.11[image: there is no content]




	
12

	
45.15

	
3.60

	
0.66[image: there is no content] - 0.24[image: there is no content]








a Energy in 103 cm-1.








Table 5. Calculated Electronic Transitions for [2,2]Biphenylenophane in J-Aggregation, the Head-to-Tail Arrangement.a [51]. Reproduced with permission from American Chemical Society.







	
State

	
E

	
f

	
state function






	
1

	
27.40

	
0

	
0.70[image: there is no content]




	
2

	
27.51

	
0

	
0.70[image: there is no content]




	
3

	
31.45

	
0

	
0.70[image: there is no content]




	
4

	
31.77

	
0.23

	
0.70[image: there is no content]




	
5

	
40.79

	
0

	
0.70[image: there is no content]




	
6

	
40.80

	
0

	
0.70[image: there is no content]




	
7

	
42.22

	
0

	
0.70[image: there is no content]




	
8

	
43.38

	
0.04

	
0.70[image: there is no content]




	
9

	
43.59

	
0

	
0.70[image: there is no content]




	
10

	
44.78

	
3.84

	
0.68[image: there is no content] - 0.16[image: there is no content]




	
11

	
45.42

	
0

	
0.70[image: there is no content]




	
12

	
45.46

	
0.24

	
0.68[image: there is no content] + 0.16[image: there is no content]








a Energy in 103 cm-1.








The next two electronic states (states 3 and 4 in Table 4 and Table 5) have their origin as s– → l– local excitations. These two states consist mostly of delocalized neutral exciton states with almost no charge transfer in the J-type cyclophane with two moieties in head-to-tail alignment. The state with in-phase oscillation of transition dipole of two local excitons (N1+ in J-type and N1- in H-type cyclophane) generates small absorption intensity. Hence, we believe that the observed minimal peak of around 370 nm in the experiment is due to this excitation [51]. States 5 and 6 are two degenerate dark electronic states involving symmetric and antisymmetric combinations of charge-transfer configurations from s1- → s2+ and s2- → s1+. The two electronic states originating from two local P1 excitations (states 7 and 10 in J-cyclophane; and states 7 and 12 in H-cyclophane) have the largest exciton splittings of 2.56 and 4.91 eV, respectively (Figure 10). This indicates that there exists a strong dipole-dipole coupling between these two moieties. For both arrangements, the delocalized exciton with higher energy carries most of the intensity, which is in agreement with the experimental observation that an intensive absorption around 260 nm is seen. Interestingly, this brightest state of the J-aggregated biphenylenes contains 5% of CT characteristics while the H-aggregated biphenylenes contains 11% of the CT characteristic. This kind of excimeric character of the excited states becomes even more dramatic when the distance between two moieties is closer, for instance, CT% = 50% when d = 3.5 Å in the case of H-type cyclophane. Hidden behind the strong absorption band due to P1+, there are several forbidden and weakly allowed electronic states originating from N2 and N1CT local states.










5. Synopsis


The purpose of this review was to illustrate that quantum-chemical calculations can provide a good insight into the excited-state electronic structures of functional organic materials in the solid state. It is clear that the composite-molecule approach gives a better understanding of the charge-transfer interaction in the excited state compared to supermolecular approach and represents a significant improvement with respect to the traditional exciton theories that are usually used to predict the optical properties of interacting chains. Furthermore, we also demonstrated that this method can be used to address the pathway of the delocalization (through-bond and/or through-space) in the lowest excited state for cyclophanes by combining the charge-transfer contributions calculated on the cyclophanes and the corresponding hypothetical molecules with tethers removed. This review represents a step forward in the understanding of the nature of the charge-transfer interactions in the excited state of organic functional materials.
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