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Abstract

:

Polycyclic aromatic hydrocarbons (PAH) are a prominent substance class with a variety of applications in molecular materials science. Their electronic properties crucially depend on the bond topology in ways that are often highly non-intuitive. Here, we study, using density functional theory, the triplet states of four biphenylene-derived PAHs finding dramatically different triplet excitation energies for closely related isomeric structures. These differences are rationalised using a qualitative description of Clar sextets and Baird quartets, quantified in terms of nucleus independent chemical shifts, and represented graphically through a recently developed method for visualising chemical shielding tensors (VIST). The results are further interpreted in terms of a 2D rigid rotor model of aromaticity and through an analysis of the natural transition orbitals involved in the triplet excited states showing good consistency between the different viewpoints. We believe that this work constitutes an important step in consolidating these varying viewpoints of electronically excited states.
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1. Introduction


Polycyclic aromatic hydrocarbons (PAHs) are a fascinating class of molecules providing versatile organic semi-conductors [1] for a variety of use cases such as photovoltaics [2] including singlet fission [3,4], charge transport [5], and field-effect transistors [6]. Due to their high tunability, PAHs and their derivatives are also particularly suitable for more intricate applications such as logic gates [7], single molecule conductance [8,9], thermoelectrics [10], and multi-stage redox systems [11]. Ever more intricate PAH structures are being synthesised [12,13] and ever more detailed spectroscopic experiments performed [14,15,16].



The properties of PAHs can be widely tuned using the bond topology [17,18,19] as well as by doping with heteroatoms [9,20,21,22,23]. To do so effectively, it is particularly helpful to establish clear structure-property relationships bridging between the molecular structure and the observable properties. As one option, this can be achieved by considering the biradical character and unpaired electrons [22,24,25,26,27]. A particularly attractive alternative option is given via aromaticity noting that, following Hückel’s [28] and Clar’s [29] rules, qualitative predictions of molecular properties can already be made following simple rules based on the bond topolgy and the number of electrons [18,19,22]. Even more Baird’s rule [30] of excited state aromaticity allows to effectively predict triplet energies [31,32,33,34].



However, it is not trivial to move from the qualitative description of aromaticity based on bond topology to quantifiable aromaticity descriptors and a number of methods have been put forward for this task, e.g., the harmonic oscillator model of aromaticity [35], the aromatic fluctuation index [36], and the isomerisation stabilisation energies [37]. In this context, methods based on magnetic properties such as induced current densities [38,39,40] and nucleus independent chemical shifts (NICS) [41,42] have become particularly popular as direct probes of the electronic structure, which are, at the same time, connected to experiment via nuclear magnetic resonance spectroscopy. However, a special challenge in the application of these methods is that the underlying quantities (the current density susceptibility and the chemical shielding) are both represented by tensor fields making it difficult to view all of the relevant information together. To meet this challenge, we have recently developed the VIST (visualisation of chemical shielding tensors) method [43] providing graphical information about the full chemical shielding tensor, thus, providing detailed information on (anti)aromaticity along with its local variations and anisotropy. The method is exemplified in Figure 1: The principal axes of the shielding tensor at a given point in space are, first, determined via an eigenvalue decomposition and subsequently visualised via dumb-bells whose size depends on the associated eigenvalue.



Using the VIST method, it is the purpose of this work to illustrate the concept of Baird aromaticity in a class of PAHs based on the biphenylene motif (see Figure 2). Recently, the biphenylene unit [44] has been considered for molecular conductance [8] and singlet fission [33]. Computational studies on the biphenylene unit integrated into larger PAHs have highlighted its effect on Baird aromaticity [45] and biradical character [46]. Here, we will investigate how minor structural variations in biphenylene derivatives can have a dramatic effect on triplet energies and analyse this effect in terms of bond topology, shielding tensors, and molecular orbitals. For this purpose, we construct three derivatives of biphenylene by formally fusing two benzene rings to the molecule. These molecules (3–5) along with biphenylene (2) and cyclobutadiene (1) are shown in Figure 2 (noting that the triplet energies and Baird aromaticity for molecules 2–5 has previously been investigated in [45]). Resonance structures of these molecules are shown with Clar sextets highlighted in blue and Baird quartets in red. Following the general rules laid out in [45], one can hypothesise that the structures with simultaneous Clar sextets and Baird quartets (i.e., 4 and 5) will exhibit particularly pronounced Baird aromaticity leading to lowered triplet energies and we will elucidate these relations in detail based on energetic criteria, chemical shielding tensors, and molecular orbitals.



Within this work, we start the discussion with a theory section illustrating the concept of Baird aromaticity within the MO picture, discussing its effects on the chemical shielding, and providing the basics of the VIST method used in the graphical representation. Subsequently, the computational results are presented starting with a basic consideration of energies, proceeding to a discussion of the shielding tensors in the CBD and benzene building blocks, and continuing with a detailed discussion of the properties of molecules 2–5 considering shielding tensors as well as molecular orbitals. Before concluding, we present a discussion of the relation between Baird aromaticity and other ways of describing excited-state electronic structure.




2. Theory


2.1. Aromaticity—The Rigid Rotor Viewpoint


In light of the discussion to follow, it is expedient to consider the phenomenon of aromaticity in the context of a simple 2D rigid rotor similarly to previously developed  π -electron perimeter [47,48,49] and ring-current [50] models and following a related discussion based on Hückel theory [51]. The eigenstates of a 2D rigid rotor [52] are schematically represented in Figure 3b. The first state is non-degenerate whereas all other levels come in pairs of two degenerate states sorted according to an increasing value of the angular momentum quantum number   m l  . The lowest state can be identified with the s-orbital (   m l  = 0  ) of the hydrogen atom. The next levels have the same in-plane angular wavefunctions as the    p x  /  p y   ( |   m l   | = 1 )   ,    d  x y   /  d   x 2  −  y 2     ( |   m l   | = 2 )    pairs etc. increasing in energy and angular momentum.



Inspection of the molecular orbitals (MOs) of planar conjugated cyclic molecules shows that the MOs have similar symmetry properties as these rigid rotor eigenstates, i.e., there is one MO with no nodal plane, two MOs with one nodal plane, two MOs with two nodal planes etc. These MOs are shown in Figure 3a for benzene and (c,d) for cyclobutadiene (CBD) highlighting their similar structure among each other and with the idealised 2D rigid rotor. Only the highest, fully anti-bonding   π *  -orbitals of benzene and CBD (not shown in Figure 3) do not fit the analogy, since they do not have a degenerate partner. Since the lowest level is non-degenerate and all others are doubly degenerate, it follows that one needs an odd number of electron pairs (  4 n + 2   electrons) to fill up any given level of degenerate orbitals, as shown in Figure 3a. On the other hand, if an even number of electron pairs (  4 n   electrons) are present, then the highest level will only be half-filled—usually accompanied by symmetry-breaking—as shown for CBD in Figure 3c. In line with general chemical knowledge, filled levels provide enhanced chemical stability and, hence, cyclic systems with   4 n + 2   electrons are particularly stable and systems with   4 n   electrons are not. This is the essence of Hückel’s rule.



In Figure 3d, the case for the lowest triplet state in CBD is shown. An electron was promoted from the HOMO to the LUMO leading to two singly occupied orbitals, whose degeneracy is restored as CBD obtains four-fold symmetry. The occupation patterns now look similar to benzene in the sense that both quasidegenerate orbitals are evenly occupied. Indeed, CBD in its triplet state is considered aromatic according to Baird’s rule [30], which states a reversal between aromaticity and antiaromaticity in the triplet state. Viewed in the context of MO theory one expects a low triplet excitation energy due to the low HOMO/LUMO gap between the two quasidegenerate orbitals in CBD. However, due to the high degree of spatial overlap between HOMO and LUMO inducing enhanced exchange repulsion [53,54,55], one expects singlet excitation energies to be appreciably higher. The combination of low triplet energies with high exchange splitting provides a possibility of realising the energetics required for the singlet fission process [3] and, indeed, Baird aromaticity has been considered as a promising route toward new molecules capable of singlet fission [32,33,34,56].




2.2. Definition and Interpretation of the Chemical Shielding Tensors


The magnetic shielding, also known as chemical shielding, at a given point in space  R  is given as a tensor    σ ̲   ( R )    defined by the relation


   B  i n d    ( R )  = −  σ ̲   ( R )   B  e x t    



(1)




where   B  e x t    and   B  i n d    are vectors describing the applied external and induced field, respectively [57]. Thus, roughly speaking, the shielding is the negative of the ratio between external and induced field. In chemical systems, the induced field tends to be about a million times smaller than the external field and, hence, the shielding is on the order of a few ppm. More specifically, the shielding is given as a tensor field represented by a   3 × 3   matrix


   σ ̲   ( R )  =       σ  x x    ( R )       σ  x y    ( R )       σ  x z    ( R )         σ  y x    ( R )       σ  y y    ( R )       σ  y z    ( R )         σ  z x    ( R )       σ  z y    ( R )       σ  z z    ( R )        



(2)




where all matrix elements depend on the position  R .



The nucleus independent chemical shift (NICS) [41], which serves as a prominent aromaticity criterion [42,58], is—in its basic form—defined as the negative of the spherically averaged magnetic shielding


  NICS  ( R )  = −  1 3  tr   σ ̲   ( R )   = −  1 3   (  σ  x x    ( R )  +  σ  y y    ( R )  +  σ  z z    ( R )  )  .  



(3)







In practical computations, the shielding is usually evaluated as the mixed second derivative of the energy with respect to an external magnetic field   B β   and the nuclear magnetic moment   μ γ   [59,60,61]


   σ  γ β   =    ∂ 2  E   ∂  B β  ∂  μ γ     



(4)




where  β  and  γ  are Cartesian coordinates (x, y, z). Note that in Equation (4) and all following equations atomic units are employed. Practically evaluating this expression leads to the following form [62,63]


   σ  γ β    ( R )  =      α 2  2    Ψ 0     r ·  ( r − R )   δ  β γ   −  r β    ( r − R )  γ     | r − R |  3     Ψ 0    ︸    σ  γ β  dia   ( R )       −  α 2   ∑  I ≠ 0      〈  Ψ 0  |    L ^  γ ′    | r − R |   − 3     |   Ψ I   〉    〈  Ψ I  |    L ^  β    |   Ψ 0   〉      E I  −  E 0     ︸    σ  γ β  para   ( R )     



(5)




where  α  is the fine-structure constant,    Ψ 0  /  Ψ I    are the ground/excited state wavefunctions,    E 0  /  E I    are their energies,    L ^  β  /    L ^  γ ′   are angular momentum operators with respect to the gauge origin and the point probed, and   r = ( x , y , z )   is the distance vector from the gauge origin.



The total shielding is usually considered a sum of two terms   σ  γ β  dia   (diamagnetic) and   σ  γ β  para   (paramagnetic). This distinction, however, is not unique and the relative magnitude of these terms depends on the gauge origin chosen [61]. For practical calculations, it is expedient to include the gauge definition directly within the atomic orbitals [59,64]. However, for the following qualitative discussion, we will use a different convention setting the gauge origin to the point where the shielding tensor is computed (  R = 0  ). Using this convention, the diamagnetic term—exemplified by one of its diagonal components   σ  z z  dia  —can be rewritten as


   σ  z z  dia   ( 0 )  =   α 2  2   〈  Ψ 0  |     x 2  +  y 2    r 3     |   Ψ 0   〉   =   α 2  2  ∫    sin 2  θ  r  ρ  ( r )  d r ≥ 0  



(6)




where   ρ ( r )   is the electron density,   r = | r |  , and  θ  is the angle from the z-axis. This term, related to the Lamb formula, represents the textbook view of NMR spectroscopy—the chemical shielding is proportional to the electron density   ρ ( r )   in the vicinity of the nucleus of interest [52,63].



The second term   σ  γ β  para  , denoted paramagnetic, has a more complex form measuring how a perturbation of the wavefunction by an external magnetic field induces an angular momentum. It is usually given in a perturbative expansion in terms of the wavefunctions   Ψ I   and energies   E I   of the excited states of the system [60,62] as shown in Equation (5). Viewing, again, only one diagonal component at the gauge origin, we obtain


   σ  z z  para   ( 0 )  = −  α 2   ∑  I ≠ 0      〈  Ψ 0  |    L ^  z  /  r 3    |   Ψ I   〉    〈  Ψ I  |    L ^  z    |   Ψ 0   〉      E I  −  E 0    .  



(7)







Whereas, the diamagnetic shielding given by Equation (6) is a non-specific term present whenever there is electron density, one finds that the paramagnetic shielding (Equation (7)) depends on the precise shapes and energies of the orbitals involved.



It is possible to construct a semi-quantitative model for the shielding contributions in (anti)aromatic systems based on the 2D rigid rotor discussed in Section 2.1. For this purpose, we assume that the electron density is distributed in a ring of radius   R 0   around the gauge origin (  r =  R 0   ). In addition we assume this ring to be in the xy-plane, which means    sin 2  θ = 1  . Inserting these values into Equation (6), then leads to a diamagnetic shielding of


   σ  z z  dia  ≈   α 2  2  ∫  1  R 0   ρ  ( r )  d r =    α 2   N  e l     2  R 0    ≥ 0  



(8)




where    N  e l   = ∫ ρ  ( r )  d r   is the number of electrons contributing to the ring current.



In the case of an antiaromatic system, we can provide an estimate of the paramagnetic shielding by considering the HOMO/LUMO contribution. As shown in Figure 3c, the HOMO and LUMO of an antiaromatic system both relate to the same angular momentum quantum number   m l   (see also [51,58]). The corresponding real orbitals are given as    π  − 0.5   cos  (  m l  ϕ )    and    π  − 0.5   sin  (  m l  ϕ )    where  ϕ  is the azimuthal angle around the z-axis (cf. [52]). In addition, we can estimate the excitation energy of the first state via the HOMO/LUMO gap, i.e.,   E 1  -   E 0  ≈  E  H L     (thus ignoring any post-MO contributions to the excitation energy [55]). Using these approximations, one obtains the following paramagnetic shielding.


   σ  z z  para  ≈ −  α 2       π  − 0.5   cos  (  m l  ϕ )   − i   ∂  ∂ ϕ      π  − 0.5   sin  (  m l  ϕ )    2    R 0    3   E  H L     = −    α 2   m l    2     R 0    3   E  H L     ≤ 0  



(9)







The analogous expression vanishes for aromatic systems as the matrix element of the angular momentum operator between functions with different   m l   vanishes under the assumptions stated. Note, that this is also true for a Baird aromatic system, as shown in Figure 3d, considering that due to the Pauli principle any excitation into a higher lying triplet state must involve orbitals of higher   m l  .



The results are summarised in Table 1. For an aromatic system only the diamagnetic contribution plays a role and, hence, enhanced shielding going along with negative NICS values is expected at the centre of an aromatic ring. For an antiaromatic system diamagnetic shielding and paramagnetic deshielding both play a role and if the latter predominates, then one finds the characteristic deshielding found at the centre of antiaromatic rings. Viewing Table 1, it is also interesting to discuss how the diamagnetic shielding changes with the ring size and number of electrons. If one assumes that with increasing ring size   R 0  , also the number of electrons   N  e l    increases, and specifically that    N  e l   /  R 0    is constant, then one finds that   σ  z z  dia   should roughly stay constant. This consideration illustrates the suitability of NICS values to probe aromaticity in rings of various sizes [42,57]. Conversely, Table 1 also illustrates that, if   N  e l    is increased without increasing   R 0  , the diamagnetic shielding should go up. This explains why aromatic dianions are found to have significantly enhanced NICS values when compared to their aromatic dication counterparts [42,57]. Even more, if a large number of electrons are present in a small ring, then one expects large diamagnetic shielding even in the absence of aromaticity, as shown in the case of the N   6  H    6     2 +     ion [65].



The above discussion suggests that NICS values can be viewed as a way to probe the symmetry properties of the frontier orbitals. Similar arguments also hold for multi-ring systems. If one can assume that each ring can be viewed as its own rigid rotor, then the NICS value reflects the local symmetry properties of this rigid rotor. However, the interpretation in multi-ring systems is more challenging due to the fact that the NICS value assigned to any given ring is not only affected by this ring but also by all other rings in the system. As a consequence, NICS values in multi-ring systems should be regarded with care, cf. [58], and not used as sole aromaticity criterion.




2.3. Visualisation of Chemical Shielding Tensors (VIST)


Equation (2) shows that the chemical shielding is a tensor field going over all space (cf. [60]), i.e., it is given by a   3 × 3   tensor containing 9 independent values at every point in space. Whereas scalar fields can be represented in 3D space via isosurfaces and vector fields via arrows, one has to construct a more involved representation for a tensor field. To do so, we have developed the VIST (visualisation of chemical shielding tensors) method [43]. VIST proceeds by computing the principal axes   q  ( 1 )   ,   q  ( 2 )   ,   q  ( 3 )    of the shielding tensor via an eigenvalue decomposition


      σ ̲   q  ( i )   =  t  ( i )    q  ( i )       



(10)







For visualisation, we construct a local coordinate system oriented according to the eigenvectors   q  ( i )    and visualise the three components as dumb-bells whose size and length depends on the absolute value of the associated eigenvalue    |   t  ( i )    |    and whose color depends on the sign (blue or red), see Figure 1. Through encoding the eigenvectors and eigenvalues in the graphical representation, we are able to represent the full information given in the   3 × 3   tensor graphically. Specifically, we draw the length L of the axis and the radius R of the sphere as


    L    = 2 × 0.3    |   t  ( i )    |        R    = 0.03    |   t  ( i )    |        



(11)




where   t  ( i )    is given in ppm and L and R are given in Å. To compare these results to the NICS values, it is worth noting that in analogy to Equation (3) the NICS value is a third of the sum of the three eigenvalues according to


  NICS = −  1 3  tr   σ ̲   = −  1 3   (  t  ( 1 )   +  t  ( 2 )   +  t  ( 3 )   )   



(12)







Reviewing Equation (1), we find that the principal axes of the shielding tensor are the directions in space where the induced magnetic field is parallel to the external magnetic field. If we set    B  e x t   =  B 0   q  ( i )     and insert this into Equation (1), we find by applying Equation (10) that


   B  i n d   = −  σ ̲   B 0   q  ( i )   = −  t  ( i )    B 0   q  ( i )   = −  t  ( i )    B  e x t    



(13)








2.4. Computational Details


All molecular geometries were optimised using density functional theory (DFT) at the TPSSh/def2-TZVP level of theory [66,67,68]. Restricted Kohn–Sham theory (RKS) was employed for the singlet ground states (  S 0  ) and unrestricted Kohn–Sham (UKS) for the first triplet states (  T 1  ). Full spatial symmetry was employed, i.e.,   D  2 h    for 1–3,   C  2 h    for 4, and   C  2 v    for 5. In addition, time-dependent DFT (TDDFT) computations on the   T 1   states were performed to obtain the natural transition orbitals (NTOs) [69,70]. These employed the range-separated CAM-B3LYP functional [71] to avoid known problems [72,73] in the TDDFT description of large conjugated  π -systems along with the def2-TZVPP basis set. NTOs shown within this article were computed at the   S 0   geometries; NTOs at the   T 1   geometries are shown in Figures S1–S4 (Supplementary Materials). These computations were all carried out in Q-Chem [74,75,76].



Additional single-point energy computations on the TPSSh-optimised geometries were performed at the complete active space perturbation theory (CASPT2) level of theory [77] as implemented in OpenMolcas [78]. For the CASPT2 computations and the preceding complete active space self-consistent field (CASSCF) computations an active space of 12 electrons distributed in 12  π -orbitals was used. Following [79] no IPEA shift [80] was employed. The ANO-S-VDZP basis set was used [81]. NTOs between the   S 0   and   T 1   states (shown in Figures S1–S4) were computed following [82] using transition densities obtained via the state-interaction method [83]. Note that for single-state CASPT2, as employed here, the resulting NTOs are directly obtained from the CASSCF wavefunctions and there is no CASPT2-related correction.



Chemical shielding tensors for   S 0   and   T 1   states were computed using RKS and UKS, respectively, at the respective optimised geometries using TPSSh/def2-TZVP as implemented in Gaussian 09 [84] using gauge-including atomic orbitals [59] and applying tight SCF convergence criteria. The shielding tensors were analysed using the VIST (visualisation of chemical shielding tensors) method [43] employing a pre-release version of TheoDORE 2.4 [85]. The visual molecular dynamics (VMD) [86] program was used as a graphical backend for creating the tensor representations in connection with the molecular structures and NTO pictures.



The underlying research data are available via a separate repository [87]: Molecular coordinates; input/output files for Q-Chem, OpenMolcas, Gaussian, and TheoDORE.





3. Results


3.1. Energetics


We start with a discussion of the basic energetics of the molecules presented in Figure 2 considering their geometries optimised in their lowest singlet (  S 0  ) and triplet (  T 1  ) states at the DFT/TPSSh level. Table 2 shows the TPSSh energy values (with CASPT2 reference values given in parentheses). Starting with the adiabatic triplet excitation energy (  Δ E (  S 0  /  T 1  )  ), we find that it almost vanishes for cyclobutadiene (CBD, 1) in line with CBD’s expected antiaromaticity. Moving to biphenylene a substantial rise in triplet energy to 1.92 eV is seen. Interestingly, increasing the  π -system to 3 further increases the triplet energy to 2.64 eV. Moving to the isomeric molecules 4 and 5 yields a dramatic drop in the excitation energy to just above 1 eV.



Due to the fact that molecules 3, 4, and 5 are isomeric, we can analyse their energetics in some more detail. In Table 2, the total energies of their singlet   E (  S 0  )   and triplet   E (  T 1  )   states, all referenced against the   S 0   energy of 3, are listed. This shows that the formal interconversion from 3 to 4 or 5 is strongly endothermic (≈0.5 eV) in the singlet state. However, in the triplet state the energetic ordering is reversed meaning that 4 and 5 are stabilised by more than 1 eV with respect to 3.



Owing to the antiaromatic character of the molecules involved and the ensuing low HOMO/LUMO gap it is not a priori clear whether the single reference description afforded by DFT is accurate, cf. [88,89,90]. Therefore, we have performed single-point computations at the multireference CASPT2 level to provide reference data on the energies involved. The CASPT2 energies, shown in parentheses in Table 2, do not only reproduce all the trends obtained with DFT but even show good quantitative agreement with most values within 0.15 eV between the two methods. The only larger deviation (0.4 eV) is obtained for the adiabatic excitation energy of 3, an error, which we assign to the multiconfigurational character of its   T 1   state, as discussed below. In any case, the agreement suggests that the chosen level of DFT/TPSSh provides a reliable description of the molecules studied.



The above-mentioned trends in energies clearly run counter to the standard picture stating that excitation energies should decrease with an extension of the  π -system as confinement effects are reduced. Conversely, the concept of ground state antiaromaticity in connection with triplet state Baird aromaticity provides an attractive option for explanation. Reviewing the energetics in Table 2, we hypothesise that when moving from 1 to 3 the antiaromaticity and Baird aromaticity of CBD are both "blurred" as the  π -system is extended leading to increased triplet energies. Conversely, reviewing Figure 2, we find that out of all structures considered only 4 and 5 possess resonance structures with a Baird quartet along with two Clar sextets. Following [45] we hypothesise that 4 and 5, therefore, possess enhanced ground-state antiaromaticity as well as triplet state Baird aromaticity when compared to 3 explaining both the   S 0   and   T 1   energies in Table 2.



Simply looking at the energetics, it is difficult to assess whether (anti)aromaticity is really the underlying cause for the dramatic differences in energy or whether this is just a coincidence. A different viewpoint and more detailed insight is required to further substantiate the hypothesis. We will endeavour to provide this viewpoint via the computation of nucleus independent chemical shifts [42] and specifically our newly developed method for the visualisation of the underlying chemical shielding tensors [43].




3.2. Shielding Tensors for the Building Blocks


We start the discussion of shielding tensors with the building blocks, benzene and cyclobutadiene. In Figure 4, shielding tensors, computed at the TPSSh/def2-TZVP level, are shown 1 Å above the the centre of the ring. The tensor for benzene Figure 4a has a particularly simple shape with just one dominant out-of-plane component (−29.5 ppm) and vanishing in-plane components (<1 ppm). This shape reflects the aromaticity of benzene. The dominant component agrees well with NICS(1)    z z    literature values computed at the B3LYP (-28.5 ppm) [57], PBE0 (−29.5 ppm) [43], MP2 (−30.4 ppm) [88], and CASSCF (−28.8 ppm) [88] levels highlighting that NICS values are robust descriptors of the electronic structure.



The shape of the shielding tensor is in qualitative agreement with the model of Equation (8) showing that a circular charge distribution should yield a strong out-of-plane contribution of the shielding tensor and vanishing in-plane components. Even more, we can approximate the numerical value. If we consider an effective radius of    R 0  = 2.65  a . u .   (1.4 Å) and assume that half the  π -electrons contribute to the shielding effectively at the point probed (   N  e l   = 3  ), then we can use Equation (8) to estimate the shielding as


  −  σ  z z  dia  = −    α 2  × 3   2 × 2.65   = − 3.02 ×  10  − 5   = − 30.2  ppm .  



(14)







This value is indeed in good agreement with the value of −29.5 ppm given in Figure 4a showing that the qualitative model developed is applicable to understand the physics involved. Note, however, that the extremely good match of less than 1 ppm deviation is just a coincidence.



Proceeding to CBD in its singlet state (Figure 4b), we find a strongly deshielded (red, +54.1 ppm) contribution representing the strong antiaromaticity in this system. CASSCF computations [88] place the corresponding NICS(1)    z z    value at a similar and only slightly lower value of +39.3 ppm highlighting that the method chosen performs reasonably well despite the expected multireference character. In parallel to the molecular plane, one slightly shielded (blue) and one slightly deshielded (red) contribution is found. This anisotropy of the shielding reflects the broken symmetry of CBD. The shielded component points toward the CC double bonds (bond length of 1.33 Å) and the deshielded component toward the single bonds (1.57 Å) illuminating the different properties of the two bonds.



Continuing with the qualitative model of Table 2, we again consider half the electrons as being involved (   N  e l   = 2  ). Furthermore we set    m l  = 1  ,    R 0  = 1.89  a . u .  , and    E  H L   = 0.076  a . u .   and we find by application of Equations (6) and (7) the following value for the shielding


  −  σ  z z   = −  σ  z z  dia  −  σ  z z  para  = −    α 2  × 2   2 × 1.89   +    α 2  ×  1 2    1.89   3  × 0.076   = − 28.2  ppm + 103.8  ppm = + 75.6  ppm  



(15)







This is, again, in qualitative agreement with the value of +54.1 ppm obtained in the computation highlighting that the viewpoint adopted here is a valid approximation of the rather involved shielding expressions.



Proceeding to the triplet state of CBD (Figure 4c), we find that the dominant component of the shielding becomes negative (−17.6 ppm) indicating Baird aromaticity for the triplet state. This phenomenon can be understood by considering Figure 3d: By promoting an electron from the HOMO to the quasidegenerate LUMO, the system now occupies a filled shell meaning enhanced stability. Reviewing Equation (7), we find that all orbitals up to    m l  = 1   are filled and, therefore, no triplet excited states are present that could be coupled to the   T 1   state via    L ^  z   meaning that the paramagnetic shielding at the ring centre vanishes. Thus, only the diamagnetic shielding   σ  z z  dia   is left predicting a value of −28.2 ppm according to Equation (15), which again at least produces the same order of magnitude.




3.3. Shielding Tensors for Biphenylene Derivatives


Having discussed the individual benzene and CBD molecules, it is of interest to observe what happens when these are fused together obtaining the biphenylene molecule (2). Starting with the VIST plots for the singlet ground state (Figure 5a), we find that the antiaromaticity of the central CBD ring and the aromaticity of the outer benzene rings are both reduced in magnitude when compared to the building blocks. The reduction in the primary shielding components is modest for CBD (from +54.1 to +38.2 ppm) whereas a reduction by about two thirds occurs for the benzene components (−29.5 to −11.1 ppm).



Next, we proceed to the   T 1   state of biphenylene. TDDFT indicates that this state is dominated by the HOMO/LUMO transition with respect to the ground state. To obtain a rigorous graphical representation of the transition, we use the natural transition orbitals (NTOs) of the    S 0  →  T 1    transition, shown in Figure 5c. The NTOs clearly reflect the shape of the HOMO and LUMO of CBD (see Figure 3). This indicates that the transition occurs largely between the two quasi-degenerate orbitals on CBD, which fits with the model of Baird aromaticity. The NTOs shown in Figure 5c, were computed at the   S 0   geometry using the TDDFT/CAM-B3LYP level of theory. For comparison, we also show the TDDFT NTOs at the   T 1   geometry as well as the CASPT2 NTOs at the   S 0   and   T 1   geometries (Figure S1). The shapes of all these NTOs are very similar highlighting that the assignment of the state character is robust with respect to, both, the geometry and the level of theory.



The   T 1   shielding tensors, shown in Figure 5b, reflect at first glance the profound changes the system undergoes upon excitation and in agreement with [45] we find that the system becomes shielded/aromatic at all positions probed. The central CBD ring becomes strongly shielded with a value of −35.2 ppm that is higher than, both, isolated CBD in the triplet and benzene in the singlet state. Furthermore, the shielding at the benzene rings is enhanced compared to the singlet. These changes highlight the Baird aromaticity of the triplet state in line with the NTOs presented.



Having established the properties of biphenylene, it is of interest to see how the local aromaticity changes upon addition of two benzene rings on the sides obtaining 3 as shown in Figure 6. Viewing the singlet ground state properties (Figure 6a), we find that the central biphenylene unit bears close resemblance to isolated biphenylene (Figure 5a) with the exception that the antiaromaticity at the central CBD unit is slightly reduced (to +27.2 ppm). The outer two benzene rings resemble isolated benzene showing strong shielding (−24.4 ppm).



The shielding tensors for the lowest triplet state of 3 are shown in Figure 6b. These have a strikingly different appearance to the analogous values for biphenylene (Figure 5b). The central CBD and outer benzene rings have almost vanishing out-of-plane values (below 5 ppm in magnitude) whereas the intermediate benzene ring has a notably deshielded value of +9.7 ppm. To understand this behaviour, we turn to the associated NTOs as shown in Figure 6c. These NTOs differ in two important ways when compared to biphenylene (Figure 5c). First, we find that two NTO transitions contribute significantly to this state, whereas for biphenylene there was only one dominant transition. Second, we find that the dominant NTO pair, making up 57% of the overall transition has an entirely different shape when compared biphenylene. There is only little involvement of CBD and, interestingly, its orbitals contribute in the opposite way as expected. The acceptor orbital possesses some contribution of the fully bonding CBD  π -orbital, shown at the bottom in Figure 3c. By contrast, the donor possesses some contribution of the fully anti-bonding CBD   π *  -orbital (not shown in Figure 3). The dominant NTO pair, thus, highlights the strong mixing of the CBD MOs with the other MOs in the system. This consideration shows that this transition does not agree with the Baird aromaticity model laid out in Figure 3d. On the contrary, the NTOs on the two naphthalene units bear resemblance to the HOMO and LUMO of an isolated naphthalene molecule (see Figure S5) only that the density is somewhat concentrated toward the centre of the molecule. The emerging antiaromaticity can, therefore, be understood in the same sense that an individual napthalene molecule in its triplet state becomes antiaromatic [91]. Going back to Figure 6c, one finds that only the second NTO pair (contributing 28%) is of the expected shape analogous to biphenylene. The NTOs at the   T 1   geometry (Figure S2) are similar to the ones shown in Figure 6c with the exception that the weights of the two NTO pairs are slightly altered. Similar shapes and weights for the NTOs are also found for CASPT2 (Figure S2).



In summary, we find that the difference in shielding tensors between 2 and 3 is well-reflected by the difference in the underlying NTOs highlighting the consistency between aromaticity descriptors and the MO picture. From a more methodological point of view we want to emphasise that the involvement of two NTO pairs in the state implies multiconfigurational character of the triplet state [92,93] meaning that the single determinant description provided by UKS is not able to cover all relevant aspects of the wavefunction. Indeed CASSCF indicates strong multireference character for the triplet state with a weight of only 50% for the dominant configuration. Reviewing Table 2, it is probably this feature, which causes the deviation in the adiabatic excitation energies between DFT and CASPT2.



Proceeding to 4, shown in Figure 7, we find a notably different behaviour when compared to isomeric 3. Viewing the shielding tensors in the ground state, Figure 7a, we find enhanced antiaromaticity at the CBD ring showing deshielding of +61.1 ppm, which is even higher than for isolated CBD (Figure 4b). This enhanced antiaromaticity agrees well with the higher relative energy as shown in Table 2. Both benzene rings come out as clearly shielded, albeit with lower values than isolated benzene. Proceeding to the triplet state (Figure 7b), we find a strongly aromatic CBD ring (−28.6 ppm) similarly to biphenylene. This is accompanied by a weakly shielded intermediate benzene ring and a strongly shielded (−25.1 ppm) outer benzene ring. Reviewing the shielding tensors, these can be seen to reflect the sextet-quartet-sextet structure indicated in Figure 2. It is precisely this feature that has been associated with enhanced stability for triplet excited states [45].



Viewing the NTOs of the    S 0  →  T 1    transition, we find that, as opposed to 3, there is only one dominant NTO pair already making up 93% of the overall transition. Moreover, this NTO pair closely resembles the one in biphenylene. In particular there is a strong contribution between the quasi-degenerate CBD frontier orbitals, which is linked with the Baird aromaticity of this compound, as discussed above.



Proceeding to 5, shown in Figure 8, we find a largely similar structure in terms of, both, the shielding tensors and NTOs as for 4 and, again, entirely different properties to 3. This highlights that the qualitative considerations in terms of quartets and sextets, as presented in Figure 2, are a powerful way to estimate the properties of these molecules and that other details in the bonding pattern only play a secondary effect.





4. Discussion


Before concluding, we want to discuss the relation between the chemical shielding tensors used above and other common ways of describing the electronic structure of PAHs. In the above presentation, we have shown that Baird aromaticity provides a powerful way of rationalising variations in the triplet energies of the molecules studied, similarly to the discussion in [45] where molecules 2–5 have also been analysed. In addition, we have highlighted that the energies can also be explained within the MO picture following Figure 3 and by realising that the orbitals involved do indeed possess the shapes expected from the rigid rotor model. Using a different viewpoint, Ryerson et al. [27] have pointed out that also a biradical model is highly suitable for discussing the energetics in related systems. It should, therefore, be stressed that Baird aromaticity is just one possible language of describing the phenomena seen. Nonetheless, it is the strength of the aromaticity rules that they allow qualitative predictions based on simply counting the number of electrons and analysing bonding patterns as exemplified in the striking differences between molecules 3 and 4/5.



From a more formal viewpoint it is worth pointing out that there is a specific hierarchy between frontier orbitals, biradical character/NTOs, and the shielding tensors. Frontier orbitals are simply intermediates in approximate theories and it is well-known that their shapes and energies change dramatically with the level of theory chosen [55,94]. Measures for biradical character and the NTOs can be defined based on the wavefunctions alone [24,76,95] and are, thus, well-defined without any explicit reference to a computational level of theory. However, out of this list, only the chemical shielding tensors are a physically observable quantity. The chemical shielding at the atomic positions is of course routinely measured in    1  H- and    13  C-NMR experiments. Even more, it is possible to approximate the NICS via NMR experiments using complexated    6  Li [96] and, more generally, the shielding defined as a ratio of two magnetic fields (Equation (1)) is always at least in principle an observable.



More generally, we suggest using aromaticity as one viewpoint in the elucidation of excited-state electronic structure in a similar sense as exciton theory and valence bond theory can be helpful viewpoints in elucidating otherwise hidden properties of excited states [93,97]. However, it should be understood that these are just different ways of describing the same underlying physics and that Baird aromaticity is not somehow detached from other ways of describing excited-state electronic structure.



The present work illustrates the molecules studied from three independent viewpoints: energetics, NTOs, and shielding tensors. All three measures provide consistent trends suggesting that the Baird aromaticity model is, indeed, a powerful way of describing the underlying physics. In this context it should be pointed out that the practice of computing only one NICS value per ring in multi-ring systems, as done above, has been contested [58] as it does not provide a complete picture of the magnetic properties of the molecule studied meaning that more fine-grained scans [98] may be needed. The shielding tensors certainly do not contain as much information as the full underlying current density vector field [99]. Even more, the ring currents themselves are not always a reliable measure for aromaticity [65]. The VIST method is certainly not able to overcome any of these problems and has to be used with caution just as any other computational method. Conversely, we believe that for the purposes of the current study, i.e., comparing the electronic structure of closely related systems and illustrating the excitation processes, it provides an intuitive and compact way representing electronic structure properties.




5. Conclusions


Within this work a class of PAHs based on the biphenylene motif was studied showing that the bond topology had dramatic effects on their triplet excitation energies. Strikingly, a difference of more than 1 eV in adiabatic excitation energies was found for 3 when compared to isomeric 4 and 5. These results were rationalised in the context of Baird aromaticity using a qualitative description of Clar sextets and Baird quartets, quantified in terms of NICS values, and graphically represented using a recently developed method for visualising chemical shielding tensors (VIST). A comparison with natural transition orbitals showed a consistent picture highlighting that Baird aromaticity should not be seen as a detached phenomenon but as one possible way to categorise excited states. More generally, we believe that excited-state aromaticity constitutes a fascinating and important phenomenon and hope that this work will stimulate future studies by showing how it can be readily visualised and how it integrates into the framework of excited-state electronic structure theory.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/chemistry3020038/s1; Figures S1–S4: Natural transition orbitals of 2–5 computed with TDDFT (  T 1   geometry) and CASPT2 (  S 0   and   T 1   geometries; Figure S5: Frontier orbitals of naphthalene.





Funding


This research was funded by the EPSRC, grant number EP/V048686/1.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Supporting research data available: Molecular coordinates; input/output files for Q-Chem, OpenMolcas, Gaussian, and TheoDORE, doi:10.17028/rd.lboro.14139824.




Acknowledgments


The author thanks F. Glöcklhofer for comments on the manuscript.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Anthony, J.E. The larger acenes: Versatile organic semiconductors. Angew. Chem. Int. Ed. 2008, 47, 452–483. [Google Scholar] [CrossRef]

	



Chu, C.W.; Shao, Y.; Shrotriya, V.; Yang, Y. Efficient photovoltaic energy conversion in tetracene-C 60 based heterojunctions. Appl. Phys. Lett. 2005, 86, 1–3. [Google Scholar] [CrossRef]

	



Smith, M.B.; Michl, J. Singlet fission. Chem. Rev. 2010, 110, 6891–6936. [Google Scholar] [CrossRef]

	



Schultz, J.D.; Shin, J.Y.; Chen, M.; O’Connor, J.P.; Young, R.M.; Ratner, M.A.; Wasielewski, M.R. Influence of Vibronic Coupling on Ultrafast Singlet Fission in a Linear Terrylenediimide Dimer. J. Am. Chem. Soc. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Yang, G.; Duan, Y.; Geng, Y.; Wu, Y.; Su, Z. The relationship between intermolecular interactions and charge transport properties of trifluoromethylated polycyclic aromatic hydrocarbons. Org. Electron. 2014, 15, 1896–1905. [Google Scholar] [CrossRef]

	



Hepp, A.; Heil, H.; Weise, W.; Ahles, M.; Schmechel, R.; von Seggern, H. Light-Emitting Field-Effect Transistor Based on a Tetracene Thin Film. Phys. Rev. Lett. 2003, 91, 157406. [Google Scholar] [CrossRef] [PubMed]

	



Soe, W.H.; Manzano, C.; de Mendoza, P.; McGonigal, P.R.; Echavarren, A.M.; Joachim, C. Long starphene single molecule NOR Boolean logic gate. Surf. Sci. 2018, 678, 163–168. [Google Scholar] [CrossRef]

	



Gantenbein, M.; Li, X.; Sangtarash, S.; Bai, J.; Olsen, G.; Alqorashi, A.; Hong, W.; Lambert, C.J.; Bryce, M.R. Exploring antiaromaticity in single-molecule junctions formed from biphenylene derivatives. Nanoscale 2019, 11, 20659–20666. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Z.H.; Wang, L.; Li, S.; Zhang, W.D.; He, G.; Wang, D.; Hou, S.M.; Wan, L.J. Single-Molecule Conductance through an Isoelectronic B–N Substituted Phenanthrene Junction. J. Am. Chem. Soc. 2020, 142, 8068–8073. [Google Scholar] [CrossRef] [PubMed]

	



Sadeghi, H.; Sangtarash, S.; Lambert, C.J. Enhancing the thermoelectric figure of merit in engineered graphene nanoribbons. Beilstein J. Nanotechnol. 2015, 6, 1176–1182. [Google Scholar] [CrossRef] [PubMed]

	



Delouche, T.; Vacher, A.; Caytan, E.; Roisnel, T.; Le Guennic, B.; Jacquemin, D.; Hissler, M.; Bouit, P.A. Multi-Stage Redox Systems Based on Dicationic P-Containing Polycyclic Aromatic Hydrocarbons. Chem. Eur. J. 2020, 26, 8226–8229. [Google Scholar] [CrossRef] [PubMed]

	



Holec, J.; Cogliati, B.; Lawrence, J.; Berdonces-Layunta, A.; Herrero, P.; Nagata, Y.; Banasiewicz, M.; Kozankiewicz, B.; Corso, M.; Oteyza, D.G.; et al. A Large Starphene Comprising Pentacene Branches. Angew. Chemie Int. Ed. 2021, 60, 7752–7758. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Abadía, M.; Strutynski, K.; Lerma-Berlanga, B.; Stoppiello, C.; Khlobystov, A.; Martí-Gastaldo, C.; Saeki, A.; Melle-Franco, M.; Mateo-Alonso, A. π-Interpenetrated 3D Covalent Organic Frameworks from Distorted Polycyclic Aromatic Hydrocarbons. Angew. Chem. Int. Ed. 2021, anie.202100434. [Google Scholar] [CrossRef] [PubMed]

	



Schaberle, F.A.; Serpa, C.; Arnaut, L.G.; Ward, A.D.; Karlsson, J.K.G.; Atahan, A.; Harriman, A. The Photophysical Properties of Triisopropylsilyl-ethynylpentacene—A Molecule with an Unusually Large Singlet-Triplet Energy Gap—In Solution and Solid Phases. Chemistry 2020, 2, 545–564. [Google Scholar] [CrossRef]

	



Aster, A.; Zinna, F.; Rumble, C.; Lacour, J.; Vauthey, E. Singlet Fission in a Flexible Bichromophore with Structural and Dynamic Control. J. Am. Chem. Soc. 2021, 143, 2361–2371. [Google Scholar] [CrossRef] [PubMed]

	



Gu, B.; Mukamel, S. Optical-Cavity Manipulation of Conical Intersections and Singlet Fission in Pentacene Dimers. J. Phys. Chem. Lett. 2021, 12, 2052–2056. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Z.; Zeng, Z.; Wu, J. Zethrenes, extended p-quinodimethanes, and periacenes with a singlet biradical ground state. Acc. Chem. Res. 2014, 47, 2582–2591. [Google Scholar] [CrossRef] [PubMed]

	



Das, A.; Müller, T.; Plasser, F.; Lischka, H. Polyradical Character of Triangular Non-Kekulé Structures, Zethrenes, p-Quinodimethane-Linked Bisphenalenyl, and the Clar Goblet in Comparison: An Extended Multireference Study. J. Phys. Chem. A 2016, 120, 1625–1636. [Google Scholar] [CrossRef] [PubMed]

	



Hinkel, F.; Freudenberg, J.; Bunz, U.H.F. A Stable pi-Conjugated Singlet Biradical. Angew. Chem. Int. Ed. 2016, 55, 9830–9832. [Google Scholar] [CrossRef] [PubMed]

	



Chaolumen; Murata, M.; Wakamiya, A.; Murata, Y. Dithieno-Fused Polycyclic Aromatic Hydrocarbon with a Pyracylene Moiety: Strong Antiaromatic Contribution to the Electronic Structure. Org. Lett. 2017, 19, 826–829. [Google Scholar] [CrossRef]

	



Stoycheva, J.; Tadjer, A.; Garavelli, M.; Spassova, M.; Nenov, A.; Romanova, J. Boron-Doped Polycyclic Aromatic Hydrocarbons: A Molecular Set Revealing the Interplay between Topology and Singlet Fission Propensity. J. Phys. Chem. Lett. 2020, 11, 1390–1396. [Google Scholar] [CrossRef]

	



Pinheiro, M.; Machado, F.B.C.; Plasser, F.; Aquino, A.J.A.; Lischka, H. A systematic analysis of excitonic properties to seek optimal singlet fission: The BN-substitution patterns in tetracene. J. Mater. Chem. C 2020, 8, 7793–7804. [Google Scholar] [CrossRef]

	



Intorp, S.N.; Hodecker, M.; Müller, M.; Tverskoy, O.; Rosenkranz, M.; Dmitrieva, E.; Popov, A.A.; Rominger, F.; Freudenberg, J.; Dreuw, A.; et al. Quinoidal Azaacenes: 99 % Diradical Character. Angew. Chem. Int. Ed. 2020, 59, 12396–12401. [Google Scholar] [CrossRef]

	



Plasser, F.; Pašalic, H.; Gerzabek, M.H.; Libisch, F.; Reiter, R.; Burgdörfer, J.; Müller, T.; Shepard, R.; Lischka, H. The multiradical character of one- and two-dimensional graphene nanoribbons. Angew. Chem. Int. Ed. 2013, 52, 2581–2584. [Google Scholar] [CrossRef] [PubMed]

	



Grimme, S.; Hansen, A. A Practicable Real-Space Measure and Visualization of Static Electron-Correlation Effects. Angew. Chem. Int. Ed. 2015, 54, 12308–12313. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Small, D.W.; Epifanovsky, E.; Head-Gordon, M. Coupled-Cluster Valence-Bond Singles and Doubles for Strongly Correlated Systems: Block-Tensor Based Implementation and Application to Oligoacenes. J. Chem. Theory Comput. 2017, 13, 602–615. [Google Scholar] [CrossRef] [PubMed]

	



Ryerson, J.L.; Zaykov, A.; Aguilar Suarez, L.E.; Havenith, R.W.A.; Stepp, B.R.; Dron, P.I.; Kaleta, J.; Akdag, A.; Teat, S.J.; Magnera, T.F.; et al. Structure and photophysics of indigoids for singlet fission: Cibalackrot. J. Chem. Phys. 2019, 151, 184903. [Google Scholar] [CrossRef]

	



Hückel, E. Quantentheoretische Beiträge zum Benzolproblem—I. Die Elektronenkonfiguration des Benzols und verwandter Verbindungen. Z. Phys. 1931, 70, 204–286. [Google Scholar] [CrossRef]

	



Clar, E. The Aromatic Sextet; Wiley: London, UK, 1972. [Google Scholar]

	



Baird, N.C. Quantum Organic Photochemistry. II. Resonance and Aromaticity in the Lowest 3ππ* State of Cyclic Hydrocarbons. J. Am. Chem. Soc. 1972, 94, 4941–4948. [Google Scholar] [CrossRef]

	



Ottosson, H. Exciting excited-state aromaticity. Nat. Chem. 2012, 4, 969–971. [Google Scholar] [CrossRef] [PubMed]

	



Fallon, K.J.; Budden, P.; Salvadori, E.; Ganose, A.M.; Savory, C.N.; Eyre, L.; Dowland, S.; Ai, Q.; Goodlett, S.; Risko, C.; et al. Exploiting Excited-State Aromaticity To Design Highly Stable Singlet Fission Materials. J. Am. Chem. Soc. 2019, 141, 13867–13876. [Google Scholar] [CrossRef] [PubMed]

	



El Bakouri, O.; Smith, J.R.; Ottosson, H. Strategies for Design of Potential Singlet Fission Chromophores Utilizing a Combination of Ground-State and Excited-State Aromaticity Rules. J. Am. Chem. Soc. 2020, 142, 5602–5617. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Lin, L.; Yang, J.; Wu, Y.; Wang, H.; Zhu, J.; Yao, J.; Fu, H. Singlet Fission in a Pyrrole-Fused Cross-Conjugated Skeleton with Adaptive Aromaticity. J. Am. Chem. Soc. 2020, 142, 10235–10239. [Google Scholar] [CrossRef] [PubMed]

	



Kruszewski, J.; Krygowski, T. Definition of aromaticity basing on the harmonic oscillator model. Tetrahedron Lett. 1972, 13, 3839–3842. [Google Scholar] [CrossRef]

	



Matito, E.; Duran, M.; Solà, M. The aromatic fluctuation index (FLU): A new aromaticity index based on electron delocalization. J. Chem. Phys. 2005, 122, 014109. [Google Scholar] [CrossRef]

	



Zhu, J.; An, K.; Schleyer, P.v.R. Evaluation of Triplet Aromaticity by the Isomerization Stabilization Energy. Org. Lett. 2013, 15, 2442–2445. [Google Scholar] [CrossRef]

	



Ligabue, A.; Pincelli, U.; Lazzeretti, P.; Zanasi, R. Current density maps, magnetizability, and nuclear magnetic shielding tensors for anthracene, phenanthrene, and triphenylene. J. Am. Chem. Soc. 1999, 121, 5513–5518. [Google Scholar] [CrossRef]

	



Geuenich, D.; Hess, K.; Köhler, F.; Herges, R. Anisotropy of the induced current density (ACID), a general method to quantify and visualize electronic delocalization. Chem. Rev. 2005, 105, 3758–3772. [Google Scholar] [CrossRef]

	



Fliegl, H.; Taubert, S.; Lehtonen, O.; Sundholm, D. The gauge including magnetically induced current method. Phys. Chem. Chem. Phys. 2011, 13, 20500–20518. [Google Scholar] [CrossRef]

	



Schleyer, P.v.R.; Maerker, C.; Dransfeld, A.; Jiao, H.; van Eikema Hommes, N.J.R. Nucleus-Independent Chemical Shifts: A Simple and Efficient Aromaticity Probe. J. Am. Chem. Soc. 1996, 118, 6317–6318. [Google Scholar] [CrossRef]

	



Chen, Z.; Wannere, C.S.; Corminboeuf, C.; Puchta, R.; von Ragué Schleyer, P. Nucleus-independent chemical shifts (NICS) as an aromaticity criterion. Chem. Rev. 2005, 105, 3842–3888. [Google Scholar] [CrossRef]

	



Plasser, F.; Glöcklhofer, F. Visualisation of chemical shielding tensors (VIST) to elucidate aromaticity and antiaromaticity. Eur. J. Org. Chem. 2021. [Google Scholar] [CrossRef]

	



Takano, H.; Ito, T.; Kanyiva, K.S.; Shibata, T. Recent Advances of Biphenylene: Synthesis, Reactions and Uses. Eur. J. Org. Chem. 2019, 2019, 2871–2883. [Google Scholar] [CrossRef]

	



Ayub, R.; Bakouri, O.E.; Jorner, K.; Solà, M.; Ottosson, H. Can Baird’s and Clar’s Rules Combined Explain Triplet State Energies of Polycyclic Conjugated Hydrocarbons with Fused 4nπ- and (4n + 2)π-Rings? J. Org. Chem. 2017, 82, 6327–6340. [Google Scholar] [CrossRef] [PubMed]

	



Milanez, B.D.; Chagas, J.C.V.; Pinheiro, M., Jr.; Aquino, A.J.A.; Lischka, H.; Machado, F.B.C. Effects on the aromaticity and on the biradicaloid nature of acenes by the inclusion of a cyclobutadiene linkage. Theor. Chem. Acc. 2020, 139, 1–10. [Google Scholar] [CrossRef]

	



Platt, J.R. Classification of Spectra of Cata-Condensed Hydrocarbons. J. Chem. Phys. 1949, 17, 484–495. [Google Scholar] [CrossRef]

	



Michl, J. Magnetic circular dichroism of cyclic .pi.-electron systems. 1. Algebraic solution of the perimeter model for the A and B terms of high-symmetry systems with a (4N + 2)-electron [n]annulene perimeter. J. Am. Chem. Soc. 1978, 100, 6801–6811. [Google Scholar] [CrossRef]

	



Fleischhauer, J.; Höweler, U.; Michl, J. Magnetic circular dichroism of non-aromatic cyclic π-electron systems. 2. [1] The perimeter model for high-symmetry ’unaromatic’ and ’ambiaromatic’ molecules derived from 4N-electron [n]annulenes. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 1999, 55, 585–606. [Google Scholar] [CrossRef]

	



Monaco, G.; Zanasi, R. Assessment of Ring Current Models for Monocycles. J. Phys. Chem. A 2014, 118, 1673–1683. [Google Scholar] [CrossRef] [PubMed]

	



Steiner, E.; Fowler, P.W. Four- and two-electron rules for diatropic and paratropic ring currents in monocyclic π systems. Chem. Commun. 2001, 1, 2220–2221. [Google Scholar] [CrossRef]

	



Atkins, P.W. Physical Chemistry, 5th ed.; Oxford University Press: Oxford, UK, 1994. [Google Scholar]

	



Dias, F.B.; Penfold, T.J.; Monkman, A.P. Photophysics of thermally activated delayed fluorescence molecules. Methods Appl. Fluoresc. 2017, 5, 012001. [Google Scholar] [CrossRef]

	



Chen, X.K.; Kim, D.; Brédas, J.L. Thermally Activated Delayed Fluorescence (TADF) Path toward Efficient Electroluminescence in Purely Organic Materials: Molecular Level Insight. Acc. Chem. Res. 2018, 51, 2215–2224. [Google Scholar] [CrossRef]

	



Kimber, P.; Plasser, F. Toward an understanding of electronic excitation energies beyond the molecular orbital picture. Phys. Chem. Chem. Phys. 2020, 22, 6058–6080. [Google Scholar] [CrossRef]

	



Ito, T.; Hayashi, Y.; Shimizu, S.; Shin, J.Y.; Kobayashi, N.; Shinokubo, H. Gram-Scale Synthesis of Nickel(II) Norcorrole: The Smallest Antiaromatic Porphyrinoid. Angew. Chemie Int. Ed. 2012, 51, 8542–8545. [Google Scholar] [CrossRef]

	



Corminboeuf, C.; Heine, T.; Seifert, G.; Von Ragué Schleyer, P.; Weber, J. Induced magnetic fields in aromatic [n]-annulenes—Interpretation of NICS tensor components. Phys. Chem. Chem. Phys. 2004, 6, 273–276. [Google Scholar] [CrossRef]

	



Stanger, A. NICS – Past and Present. Eur. J. Org. Chem. 2020, 2020, 3120–3127. [Google Scholar] [CrossRef]

	



Cheeseman, J.R. A comparison of models for calculating nuclear magnetic resonance shielding tensors. J. Chem. Phys. 1996, 104, 5497–5509. [Google Scholar] [CrossRef]

	



Heine, T.; Corminboeuf, C.; Seifert, G. The magnetic shielding function of molecules and pi-electron delocalization. Chem. Rev. 2005, 105, 3889–3910. [Google Scholar] [CrossRef] [PubMed]

	



Facelli, J.C. Chemical shift tensors: Theory and application to molecular structural problems. Prog. Nucl. Magn. Reson. Spectrosc. 2011, 58, 176–201. [Google Scholar] [CrossRef]

	



Ramsey, N.F. Magnetic shielding of nuclei in molecules. Phys. Rev. 1950, 78, 699–703. [Google Scholar] [CrossRef]

	



Helgaker, T.; Coriani, S.; Jørgensen, P.; Kristensen, K.; Olsen, J.; Ruud, K. Recent advances in wave function-based methods of molecular-property calculations. Chem. Rev. 2012, 112, 543–631. [Google Scholar] [CrossRef] [PubMed]

	



Wolinski, K.; Hinton, J.F.; Pulay, P. Efficient Implementation of the Gauge-Independent Atomic Orbital Method for NMR Chemical Shift Calculations. J. Am. Chem. Soc. 1990, 112, 8251–8260. [Google Scholar] [CrossRef]

	



Zhao, L.; Grande-Aztatzi, R.; Foroutan-Nejad, C.; Ugalde, J.M.; Frenking, G. Aromaticity, the Hückel 4 n+2 Rule and Magnetic Current. ChemistrySelect 2017, 2, 863–870. [Google Scholar] [CrossRef]

	



Tao, J.; Perdew, J.P.; Staroverov, V.N.; Scuseria, G.E. Climbing the density functional ladder: Nonempirical meta–generalized gradient approximation designed for molecules and solids. Phys. Rev. Lett. 2003, 91, 3–6. [Google Scholar] [CrossRef] [PubMed]

	



Staroverov, V.N.; Scuseria, G.E.; Tao, J.; Perdew, J.P. Comparative assessment of a new nonempirical density functional: Molecules and hydrogen-bonded complexes. J. Chem. Phys. 2003, 119, 12129–12137. [Google Scholar] [CrossRef]

	



Schäfer, A.; Huber, C.; Ahlrichs, R. Fully Optimized Contracted Gaussian-Basis Sets of Triple Zeta Valence Quality for Atoms Li to Kr. J. Chem. Phys. 1994, 100, 5829–5835. [Google Scholar] [CrossRef]

	



Martin, R.L. Natural transition orbitals. J. Chem. Phys. 2003, 118, 4775–4777. [Google Scholar] [CrossRef]

	



Plasser, F.; Lischka, H. Analysis of Excitonic and Charge Transfer Interactions from Quantum Chemical Calculations. J. Chem. Theory Comput. 2012, 8, 2777–2789. [Google Scholar] [CrossRef]

	



Yanai, T.; Tew, D.P.; Handy, N.C. A new hybrid exchange-correlation functional using the Coulomb-attenuating method (CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 51–57. [Google Scholar] [CrossRef]

	



Grimme, S.; Parac, M. Substantial errors from time-dependent density functional theory for the calculation of excited states of large pi systems. ChemPhysChem 2003, 4, 292–295. [Google Scholar] [CrossRef]

	



Mewes, S.A.; Plasser, F.; Dreuw, A. Universal Exciton Size in Organic Polymers is Determined by Non-Local Orbital Exchange in TDDFT. J. Phys. Chem. Lett. 2017, 8, 1205–1210. [Google Scholar] [CrossRef] [PubMed]

	



Shao, Y.; Gan, Z.; Epifanovsky, E.; Gilbert, A.T.; Wormit, M.; Kussmann, J.; Lange, A.W.; Behn, A.; Deng, J.; Feng, X.; et al. Advances in molecular quantum chemistry contained in the Q-Chem 4 program package. Mol. Phys. 2015, 113, 184–215. [Google Scholar] [CrossRef]

	



Krylov, A.I.; Gill, P.M. Q-Chem: An engine for innovation. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2013, 3, 317–326. [Google Scholar] [CrossRef]

	



Plasser, F.; Wormit, M.; Dreuw, A. New tools for the systematic analysis and visualization of electronic excitations. I. Formalism. J. Chem. Phys. 2014, 141, 024106. [Google Scholar] [CrossRef] [PubMed]

	



Andersson, K.; Malmqvist, P.A.; Roos, B.O.; Sadlej, A.J.; Wolinski, K. Second-order perturbation theory with a CASSCF reference function. J. Phys. Chem. 1990, 94, 5483–5488. [Google Scholar] [CrossRef]

	



Galván, F.I.; Vacher, M.; Alavi, A.; Angeli, C.; Aquilante, F.; Autschbach, J.; Bao, J.J.; Bokarev, S.I.; Bogdanov, N.A.; Carlson, R.K.; et al. OpenMolcas: From Source Code to Insight. J. Chem. Theory Comput. 2019, 15, 5925–5964. [Google Scholar] [CrossRef] [PubMed]

	



Zobel, J.P.; Nogueira, J.J.; González, L. The IPEA dilemma in CASPT2. Chem. Sci. 2017, 8, 1482–1499. [Google Scholar] [CrossRef]

	



Ghigo, G.; Roos, B.O.; Malmqvist, P.A. A modified definition of the zeroth-order Hamiltonian in multiconfigurational perturbation theory (CASPT2). Chem. Phys. Lett. 2004, 396, 142–149. [Google Scholar] [CrossRef]

	



Pierloot, K.; Dumez, B.; Widmark, P.O.; Roos, B.O. Density matrix averaged atomic natural orbital (ANO) basis sets for correlated molecular wave functions. Theor. Chim. Acta 1995, 90, 87–114. [Google Scholar] [CrossRef]

	



Plasser, F.; Mewes, S.A.; Dreuw, A.; González, L. Detailed Wave Function Analysis for Multireference Methods: Implementation in the Molcas Program Package and Applications to Tetracene. J. Chem. Theory Comput. 2017, 13, 5343–5353. [Google Scholar] [CrossRef] [PubMed]

	



Malmqvist, P.A.k.; Roos, B.O. The CASSCF state interaction method. Chem. Phys. Lett. 1989, 155, 189–194. [Google Scholar] [CrossRef]

	



Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G.A.; et al. Gaussian09 Revision E.01; Gaussian Inc.: Wallingford, CT, USA, 2013. [Google Scholar]

	



Plasser, F. TheoDORE: A toolbox for a detailed and automated analysis of electronic excited state computations. J. Chem. Phys. 2020, 152, 084108. [Google Scholar] [CrossRef]

	



Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [Google Scholar] [CrossRef]

	



Supporting Research Data Available: Molecular Coordinates; Input/Output Files for Q-Chem, OpenMolcas, Gaussian, and TheoDORE. Available online: https://doi.org/10.17028/rd.lboro.14139824 (accessed on 9 April 2021).

	



Karadakov, P.B. Ground- and excited-state aromaticity and antiaromaticity in benzene and cyclobutadiene. J. Phys. Chem. A 2008, 112, 7303–7309. [Google Scholar] [CrossRef] [PubMed]

	



Pathak, S.; Bast, R.; Ruud, K. Multiconfigurational self-consistent field calculations of the magnetically induced current density using gauge-including atomic orbitals. J. Chem. Theory Comput. 2013, 9, 2189–2198. [Google Scholar] [CrossRef] [PubMed]

	



Lischka, H.; Nachtigallová, D.; Aquino, A.J.A.; Szalay, P.; Plasser, F.; Machado, F.B.C.; Barbatti, M. Multireference Approaches for Excited States of Molecules. Chem. Rev. 2018, 118, 7293–7361. [Google Scholar] [CrossRef]

	



Vijay, V.; Madhu, M.; Ramakrishnan, R.; Benny, A.; Hariharan, M. Through-space aromatic character in excimers. Chem. Commun. 2020, 56, 225–228. [Google Scholar] [CrossRef]

	



Plasser, F. Entanglement Entropy of Electronic Excitations. J. Chem. Phys. 2016, 144, 194107. [Google Scholar] [CrossRef] [PubMed]

	



Plasser, F. Visualisation of Electronic Excited-State Correlation in Real Space. ChemPhotoChem 2019, 3, 702–706. [Google Scholar] [CrossRef]

	



Van Meer, R.; Gritsenko, O.V.; Baerends, E.J. Physical meaning of virtual kohn-sham orbitals and orbital energies: An ideal basis for the description of molecular excitations. J. Chem. Theory Comput. 2014, 10, 4432–4441. [Google Scholar] [CrossRef]

	



Krylov, A.I. From orbitals to observables and back. J. Chem. Phys. 2020, 153, 080901. [Google Scholar] [CrossRef]

	



Sekiguchi, A.; Matsuo, T.; Watanabe, H. Synthesis and Characterization of a Cyclobutadiene Dianion Dilithium Salt: Evidence for Aromaticity. J. Am. Chem. Soc. 2000, 122, 5652–5653. [Google Scholar] [CrossRef]

	



Bäppler, S.A.; Plasser, F.; Wormit, M.; Dreuw, A. Exciton analysis of many-body wave functions: Bridging the gap between the quasiparticle and molecular orbital pictures. Phys. Rev. A 2014, 90, 052521. [Google Scholar] [CrossRef]

	



Gershoni-Poranne, R.; Stanger, A. The NICS-XY-scan: Identification of local and global ring currents in multi-ring systems. Chem. Eur. J. 2014, 20, 5673–5688. [Google Scholar] [CrossRef] [PubMed]

	



Van Damme, S.; Acke, G.; Havenith, R.W.; Bultinck, P. Can the current density map topology be extracted from the nucleus independent chemical shifts? Phys. Chem. Chem. Phys. 2016, 18, 11746–11755. [Google Scholar] [CrossRef] [PubMed]








[image: Chemistry 03 00038 g001 550] 





Figure 1. Visualisation of the chemical shielding tensor (VIST) via its three principal axes   q  ( 1 )   ,   q  ( 2 )   ,   q  ( 3 )    and the associated eigenvalues   t  ( 1 )   ,   t  ( 2 )   ,   t  ( 3 )   . 
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Figure 2. Chemical structures of the molecules considered within this work. Clar sextets are highlighted in blue, Baird quartets in red. 
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Figure 3. The concept of aromaticity illustrated using the 2D rigid rotor whose eigenstates are shown in (b). Benzene (a) and cyclobutadiene (c,d) are shown, highlighting the similarity between the  π -MOs in these systems and the idealised rigid rotor eigenstates. With singlet multiplicity filled levels are obtained with   4 n + 2   electrons (a) whereas with   4 n   electrons (c) the HOMO and LUMO are quasidegenerate deriving from the same rigid rotor level. The rules are reversed for the triplet, which obtains filled shells with   4 n   electrons (d). 
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Figure 4. Visualisation of chemical shielding tensors (VIST) for (a) the   S 0   state of benzene as well as (b) the   S 0   and (c) the   T 1   states of cyclobutadiene, all computed 1 Å above the molecular plane. The numbers (given in ppm) correspond to the negatives of the eigenvalues   t  ( i )    associated to the dominant out-of-plane contributions. 
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Figure 5. Visualisation of chemical shielding tensors (VIST) for (a) the   S 0   and (b) the   T 1   states of 2 computed 1 Å above the molecular plane. The dominant pair of natural transition orbitals (isovalue 0.07 a.u., weight 92 %) for the    S 0  →  T 1    transition is shown in (c). 
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Figure 6. Visualisation of chemical shielding tensors (VIST) for (a) the   S 0   and (b) the   T 1   states of 3 computed 1 Å above the molecular plane. The two dominant pairs of natural transition orbitals (isovalue 0.05 a.u.) for the    S 0  →  T 1    transition are shown in (c). 
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Figure 7. Visualisation of chemical shielding tensors (VIST) for (a) the   S 0   and (b) the   T 1   states of 4 computed 1 Å above the molecular plane. The dominant pair of natural transition orbitals (isovalue 0.05 a.u., weight 93 %) for the    S 0  →  T 1    transition is shown in (c). 
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Figure 8. Visualisation of chemical shielding tensors (VIST) for (a) the   S 0   and (b) the   T 1   states of 5 computed 1 Å above the molecular plane. The dominant pair of natural transition orbitals (isovalue 0.05 a.u., weight 93 %) for the    S 0  →  T 1    transition is shown in (c). 
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Table 1. Diamagnetic and paramagnetic shielding contributions computed at the centre of a 2D rigid rotor in terms of the number of electrons (  N  e l   ), the radius (  R 0  ), the angular momentum quantum number (  m l  ) of the HOMO and LUMO, and the HOMO/LUMO gap (  E  H L   ).
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	Diamagnetic Shielding (   σ  z z  dia   )
	Paramagnetic Deshielding (   σ  z z  para   )





	Aromatic
	       α 2   N  e l     2  R 0     ≥ 0   
	0



	Antiaromatic
	       α 2   N  e l     2  R 0     ≥ 0   
	   −     α 2   m l    2     R 0    3   E  H L      ≤ 0   
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Table 2. Adiabatic excitation energies to the first triplet state   Δ E (  S 0  /  T 1  )   and total energies   E (  S 0  )   and   E (  T 1  )  , referenced against the   S 0   energy of 3, for the molecules studied computed at the DFT/TPSSh level of theory (CASPT values in parentheses). All energies are given in eV.
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	Molecule
	    Δ E  (  S 0  /  T 1  )    
	    E  (  S 0  )    
	    E  (  T 1  )    





	1
	Cyclobutadiene
	0.133 (0.183)
	-
	-



	2
	Biphenylene
	1.920 (1.765)
	-
	-



	3
	Dibenzo[b,h]biphenylene
	2.638 (2.243)
	0.000 (0.000)
	2.638 (2.243)



	4
	Dibenzo[a,g]biphenylene
	1.032 (0.894)
	0.508 (0.594)
	1.541 (1.488)



	5
	Dibenzo[a,i]biphenylene
	1.008 (0.814)
	0.514 (0.598)
	1.522 (1.412)
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