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Abstract

:

Recently, oriented external electric fields (OEEFs) have earned much attention due to the possibility of tuning the properties of electronic systems. From a theoretical perspective, one can resort to electronic structure calculations to understand how the direction and strength of OEEFs affect the properties of electronic systems. However, for multi-reference (MR) systems, calculations employing the popular Kohn–Sham density functional theory with the traditional semilocal and hybrid exchange–correlation energy functionals can yield erroneous results. Owing to its decent compromise between accuracy and efficiency for MR systems at the nanoscale (i.e., MR nanosystems), in this study, thermally assisted occupation density functional theory (TAO-DFT) is adopted to explore the electronic properties of n-acenes (n = 2–10), containing n linearly fused benzene rings, in OEEFs, where the OEEFs of various electric field strengths are applied along the long axes of n-acenes. According to our TAO-DFT calculations, the ground states of n-acenes in OEEFs are singlets for all the cases examined. The effect of OEEFs is shown to be significant on the vertical ionization potentials and vertical electron affinities of ground-state n-acenes with odd-number fused benzene rings. Moreover, the MR character of ground-state n-acenes in OEEFs increases with the increase in the acene length and/or the electric field strength.
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1. Introduction


Among a wide variety of carbon materials, graphene (i.e., a two-dimensional system) has been of great interest due to its interesting properties and possible applications [1,2,3,4,5,6]. The long spin diffusion length and high carrier mobility of graphene offers attractive possibilities for graphene-based spintronics and electronics. Nevertheless, because graphene does not possess a band gap, it cannot be used for transistor applications.



To include a band gap into graphene, the carriers can be confined to quasi-one-dimensional systems, such as graphene nanoribbons (GNRs). Owing to their promising properties and potential applications, GNRs (i.e., narrow and long strips of graphene) have recently attracted a lot of attention from many researchers [7,8,9,10,11,12,13,14,15,16,17,18,19]. Because of the significant effects of edges and quantum confinement, the properties of GNRs are highly dependent on their edge shape (e.g., zigzag, armchair, or chiral) and geometrical structure (e.g., width and length). On the other hand, oriented external electric fields (OEEFs) [20,21,22,23,24,25,26,27,28,29,30,31] have also gained considerable attention due to the possibility of varying the properties of electronic systems in recent years. However, to date, there have been scarce studies on the effect of OEEFs on the properties of GNRs [26].



A good understanding of the properties of GNRs in OEEFs can benefit the relevant molecular design and potential applications. From a theoretical perspective, one can perform electronic structure calculations to know how the direction and strength of OEEFs affect the properties of GNRs. In this work, we conduct a computational study to investigate the OEEF effect on the electronic properties of the narrowest zigzag GNRs of various lengths. For finite-size models of the narrowest zigzag GNRs of various lengths, as illustrated in Figure 1, we take linear acenes (denoted as n-acenes, containing n linearly fused benzene rings), where the OEEFs of various electric field strengths F [given in atomic units (1 a.u. ≈ 51.4 V/Å)] are applied along the long axes of n-acenes. Accordingly, this study aims at exploring the electronic properties of n-acenes in OEEFs (with various values of n and F). While the electronic properties of n-acenes have been extensively studied [32,33,34,35,36,37,38,39,40,41], reports on the effect of OEEFs on the electronic properties of n-acenes are very scarce. Previous findings have shown that in the absence of OEEFs (i.e.,   F = 0  ), the longer n-acenes have significant multi-reference (MR) character in their electronic ground states [32,33,34,35,36,37,38,39,40,41], suggesting that the longer n-acenes are electronic systems whose ground-state wave functions cannot be properly represented by single Slater determinants. Accordingly, it is expected that the longer n-acenes in OEEFs can also exhibit pronounced MR character in their electronic ground states.



Over the past thirty years, Kohn–Sham density functional theory (KS-DFT) [42,43] has been the most widely used electronic structure method for exploring the ground-state properties of electronic systems at the nanoscale (i.e., nanosystems), especially for systems with single-reference (SR) character in their electronic ground states (the so-called SR systems). Nonetheless, for systems with MR character in their electronic ground states (the so-called MR systems), calculations employing KS-DFT with the traditional semilocal [44,45,46] and hybrid [47,48,49] exchange–correlation (xc) energy functionals can yield erroneous results due to the presence of strong static correlation effects in MR systems [50,51,52,53]. On the other hand, to reliably predict the ground-state properties of small MR systems, one typically resorts to ab initio MR electronic structure methods [32,34,38,54,55,56,57,58,59,60]. However, for MR nanosystems, reliably accurate MR electronic structure methods are inapplicable as the computational cost of performing these MR calculations can be prohibitively high. Therefore, it is essential to adopt an efficient and reliable electronic structure method for studying the ground-state properties of MR nanosystems (e.g., the longer n-acenes).



Thermally assisted occupation density functional theory (TAO-DFT) [33] has recently emerged as a cost-effective solution to the challenge of studying MR nanosystems [36,37,39,40]. TAO-DFT, which has a similar computational cost as KS-DFT, is suitable for studying the ground-state properties of nanosystems. For an MR system, the representability of the ground-state electron density, which incorporates fractional orbital occupations generated by the Fermi–Dirac (FD) distribution function with some fictitious temperature  θ , in TAO-DFT can be greatly improved [33,61], when compared with that in KS-DFT. Moreover, in TAO-DFT [33], the static correlation energy of an electronic system can be approximately described by the entropy contribution (absent in KS-DFT). The semilocal [33,36] and hybrid [39,62] exchange–correlation- θ  (xc θ ) energy functionals (i.e., the combined xc and  θ -dependent energy functionals) can also be adopted in TAO-DFT. In addition, the popular dispersion correction schemes [63,64] can also be used in TAO-DFT for the efficient calculations of non-covalent interactions [36,39,65]. Simple schemes for determining the optimal system-independent [40] and system-dependent [66]  θ  values of an xc θ  energy functional in TAO-DFT have been recently developed. Moreover, the fundamental distinction among three different electronic structure methods, such as finite-temperature density functional theory (FT-DFT) [43,67], TAO-DFT [33], and KS-DFT [42,43], has been discussed in a recent study [68].



Within the framework of TAO-DFT, a number of extensions, such as TAO-DFT with the polarizable continuum model (TAO-PCM) [69], TAO-DFT-based ab initio molecular dynamics (TAO-AIMD) [70], and a real-time extension of TAO-DFT (RT-TAO-DFT) [68], have been recently proposed for diverse applications. For example, TAO-PCM has been used to study the electronic properties of linear acenes in different solvents. In addition, TAO-AIMD simulations have been carried out to investigate the instantaneous/average MR character and infrared spectra of linear acenes at 300 K. In addition, RT-TAO-DFT calculations have been performed to explore the time-dependent properties (e.g., the number of bound electrons and high-order harmonic generation spectrum) of molecular hydrogen at the equilibrium and stretched geometries, subject to an intense laser pulse. Over the past few years, TAO-DFT and its extensions have been employed to explore a very wide range of properties (e.g., electronic [37,65,71,72,73,74,75,76], hydrogen storage [65], spectroscopic [70,77,78], and equilibrium thermodynamic [70] properties) of MR nanosystems.



Because TAO-DFT is a well-suited electronic structure method for studying MR nanosystems due to its decent compromise between accuracy and efficiency, in this study, we adopt TAO-DFT to obtain the electronic properties (e.g., singlet–triplet energy gaps, vertical ionization potentials, vertical electron affinities, fundamental gaps, symmetrized von Neumann entropy, active orbital occupation numbers, and real-space representation of active orbitals) of n-acenes (n = 2–10) in OEEFs of various electric field strengths F.




2. Computational Details


All the calculations are performed with Q-Chem 4.3 [79], using the 6-31G(d) basis set. The calculations are carried out using TAO-LDA (i.e., TAO-DFT with the local density approximation (LDA) xc θ  energy functional) with the recommended fictitious temperature  θ  = 7 mhartree [33] to obtain the electronic properties of n-acenes (n = 2–10) in OEEFs, where the OEEFs of various electric field strengths F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u. are applied along the long axes of n-acenes.




3. Results and Discussion


3.1. Singlet–Triplet Energy Gap


The singlet–triplet (ST) energy gap (the so-called ST gap), i.e., the energy splitting between the lowest triplet and singlet states, of a molecule offers an understanding of its ground-state nature, which could also be helpful to explore the possible MR character of the molecule [80,81,82,83,84] and to offer useful information for photovoltaic applications [85].



In this work, the ST gap (  E ST  ) of n-acene in an OEEF is computed using


   E ST  =  E UT  −  E US  ,  



(1)




where   E UT  /  E US   is the spin-unrestricted TAO-LDA energy of the lowest triplet/singlet state of n-acene in an OEEF (evaluated at the optimized lowest triplet/singlet-state molecular geometry).



As shown in Figure 2, in an OEEF, the ST gap of n-acene decreases in a monotonic manner with an increasing acene length (also see Table S1 in Supplementary Information (SI)). As the electric field strength F increases, the ST gap of n-acene slightly decreases. For each case (i.e., n and F), the singlet state has lower energy than the triplet state. Therefore, for all the OEEFs considered, n-acenes (n = 2–10) possess singlet ground states. As MR systems generally have small ST gaps [32,33,34,36,37,38,39,40,71,72], the ground states of the longer n-acenes in OEEFs can have MR character.



On the other hand, the spin-symmetry constraint, which can be satisfied by an exact theory, ensures that the exact spin-unrestricted and spin-restricted calculations must yield the same energy for the lowest singlet state of an MR system. Nonetheless, such a spin-symmetry constraint can be greatly violated by KS-DFT with the traditional semilocal and hybrid xc energy functionals as well as SR electronic structure methods (e.g., the Hartree–Fock theory) [33,35,36,37,39,51,61,68,69,70], leading to strikingly different energies for the lowest singlet state of an MR system (the so-called spin-symmetry breaking). In principle, one can adopt reliably accurate MR electronic structure methods to resolve this problem. In practice, such MR methods are, however, very impractical for studying MR nanosystems (e.g., the longer n-acenes) because of the prohibitively high computational cost. Very recently, a TAO-DFT-based response theory [61] has been proposed to demonstrate that for any MR system, TAO-DFT with a sufficiently large fictitious temperature  θ  can always resolve the spin-symmetry breaking problem.



Here, we investigate whether this spin-symmetry constraint can be satisfied by TAO-LDA (i.e., with the recommended fictitious temperature  θ  = 7 mhartree) [33] and, hence, carry out additional spin-restricted TAO-LDA calculations for the lowest singlet energies of n-acenes in OEEFs (evaluated at the respective optimized molecular geometries). We find that within the numerical precision considered, the spin-restricted and spin-unrestricted TAO-LDA energies for the lowest singlet states of n-acenes in OEEFs are essentially identical [for each case (i.e., n and F), the energy difference is less than 0.001 kcal/mol], implying that, for all the cases examined, essentially no unphysical spin-symmetry breaking effects occur in our spin-unrestricted TAO-LDA solutions.




3.2. Vertical Ionization Potential, Vertical Electron Affinity, and Fundamental Gap


The vertical ionization potential, vertical electron affinity, and fundamental gap of a ground-state molecule are also key electronic properties. These properties are important in spectroscopy and catalyst selection and are also essential for choosing candidate materials for electronic devices and solar cells. Based on their definitions, the vertical ionization potential is the energy change when an electron is removed from the ground-state molecule (without altering the ground-state molecular geometry), the vertical electron affinity is the energy change when an electron is added to the ground-state molecule (without altering the ground-state molecular geometry), and the fundamental gap is the difference between the vertical ionization potential and vertical electron affinity.



At the spin-unrestricted TAO-LDA-optimized geometry of ground-state n-acene in an OEEF, we compute the vertical ionization potential [36,37,39]


   IP v  =  E  N − 1   −  E N  ,  



(2)




vertical electron affinity


   EA v  =  E N  −  E  N + 1   ,  



(3)




and fundamental gap


   E g  =  IP v  −  EA v   



(4)




of ground-state n-acene in an OEEF. Here,   E N   is the total energy of the N-electron molecule (i.e., ground-state n-acene) in an OEEF, obtained with spin-unrestricted TAO-LDA.



The   IP v  ,   EA v  , and   E g   of ground-state n-acene in an OEEF are presented in Figure 3, Figure 4, and Figure 5, respectively (also see Tables S2–S4 in SI). For the smaller electric field strength F (e.g.,   F ≤ 0.001   a.u.), with the increase in the acene length, the   IP v   monotonically decreases, the   EA v   monotonically increases, and hence the   E g   monotonically decreases, similar to those found in the absence of OEEFs (i.e.,   F = 0  ) [36,37]. For the larger F (e.g.,   F ≥ 0.002   a.u.), the   IP v   and   EA v   display odd–even oscillation patterns, while the   E g   shows a similar trend as that observed for the smaller F (e.g.,   F ≤ 0.001   a.u.).



As F increases, both of the   IP v   and   EA v   greatly increase for n-acene with odd-number fused benzene rings, while the   IP v  /  EA v   slightly decreases/increases for n-acene with even-number fused benzene rings. As a consequence, the   E g   of ground-state n-acene slightly decreases with increasing F. In general, electronic systems with the fundamental gaps of 1–3 eV are suitable for photovoltaic applications. Therefore, among all the cases examined, 10-acene in OEEFs of F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u. can be appropriate for photovoltaic applications.




3.3. Symmetrized von Neumann Entropy


We investigate the MR character of ground-state n-acene in an OEEF using the symmetrized von Neumann entropy [35,36,37,39]


   S vN  = −   1 2    ∑  σ = ↑ , ↓    ∑  i = 1  ∞  {  f  i , σ    ln  (  f  i , σ   )  +  ( 1 −  f  i , σ   )   ln  ( 1 −  f  i , σ   )  } .  



(5)




Here,  σ  = ↑ or ↓ denotes the up-spin or down-spin, and   f  i , σ    (i.e., a value between 0 and 1) is the occupation number of the   i th   σ -spin orbital, obtained with spin-unrestricted TAO-LDA [33], approximately yielding the occupation number of the   i th   σ -spin natural orbital [71,86]. Based on Equation (5), the terms with   f  i , σ    = 0 or 1 give no contribution to the   S vN  , while the terms with   f  i , σ    greatly deviating from 0 and 1 (e.g., close to 0.5) can lead to a large increase in the   S vN  . Consequently, for an SR system, because all values of   f  i , σ    are very close to 0 or 1, the   S vN   should be vanishingly small. By contrast, for an MR system, because the occupation numbers of active f [i.e., those with noticeable fractional occupation numbers (e.g., between 0.1 and 0.9)] are closer to 0.5, and/or the number of active spin orbitals increases, the   S vN   can be very large.



As shown in Figure 6, the   S vN   of ground-state n-acene in an OEEF monotonically increases with an increasing acene length (also see Table S5 in SI). This implies that the MR character of ground-state n-acene in an OEEF should generally increase with an increasing acene length. In addition, as the electric field strength F increases, the   S vN   (i.e., a measure of MR character) of ground-state n-acene slightly increases.




3.4. Active Orbital Occupation Numbers


According to the aforementioned spin-unrestricted TAO-DFT calculations, with increasing acene length, the   S vN   of ground-state n-acene in an OEEF monotonically increases. This indicates that as n increases, the occupation numbers of active spin orbitals are closer to 0.5, and/or the number of active spin orbitals increases. In spin-restricted TAO-DFT, this implies that for the ground state (i.e., lowest singlet state) of n-acene (containing N electrons) in an OEEF, as n increases, the occupation numbers of active orbitals [i.e., those with noticeable fractional occupation numbers (e.g., between 0.2 and 1.8)] are closer to 1, and/or the number of active orbitals increases. Here, the   ( N / 2 ) th   orbital is defined as the HOMO (highest occupied molecular orbital), and the   ( N / 2 + 1 ) th   orbital is defined as the LUMO (lowest unoccupied molecular orbital) [33,37,39].



To demonstrate this, in Figure 7, we present the occupation numbers of active orbitals for the ground state of n-acene in an OEEF, computed using spin-restricted TAO-LDA. As shown, the shorter n-acenes (e.g.,   n ≤ 5  ) in an OEEF possess a nonradical nature in their ground states, because all the orbital occupation numbers are very close to 0 or 2. With the increase in the acene length, the occupation numbers of active orbitals are closer to 1, and/or the number of active orbitals increases, suggesting that the longer n-acenes in an OEEF possess an increasing polyradical nature in their ground states. Therefore, as the acene length increases, there is a transition from the nonradical nature of the shorter n-acenes to the increasing polyradical nature of the longer n-acenes in an OEEF. For n-acenes in an OEEF of the larger electric field strength F, the evolution of the polyradical nature is more rapid.



It is worth mentioning that with increasing acene length, the occupation numbers of active orbitals exhibit a curve-crossing behavior in the approach to 1. For example, in an OEEF, the orbital with the HOMO/LUMO character in the shorter n-acenes can become the LUMO/HOMO in the longer n-acenes. This curve-crossing behavior has been reported by the recent studies of n-acenes in the absence of OEEFs (i.e.,   F = 0  ), using TAO-DFT [33,37,39,40] as well as an accurate MR electronic structure method [38]. This shows the reliability of TAO-DFT in the prediction of curve-crossing behavior.




3.5. Real-Space Representation of Active Orbitals


Here, we report the real-space representation of active orbitals (HOMO and LUMO) for the ground states of n-acenes (n = 2–10) in OEEFs, obtained with spin-restricted TAO-LDA (see Figures S1–S9 in SI). The edge localization of active orbitals for n-acenes in OEEFs is observed, similar to the edge localization of active orbitals previously found for n-acenes in the absence of OEEFs (i.e.,   F = 0  ) [32,34,35,37].



As mentioned previously, the curve-crossing behavior is observed and can be easily seen here. For example, in an OEEF of the larger electric field strength F (e.g.,   F ≥ 0.002   a.u.), the orbital with the HOMO/LUMO character in the shorter n-acenes (n = 2–9) becomes the LUMO/HOMO in 10-acene. Alternatively, it can also be regarded that for 10-acene in an OEEF, the curve-crossing behavior can occur when F is sufficiently large (e.g.,   F ≥ 0.002   a.u.), highlighting the role of OEEFs.





4. Conclusions


In conclusion, we have employed TAO-DFT to explore the electronic properties of n-acenes (n = 2–10) in OEEFs, where the OEEFs of various electric field strengths F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u. are applied along the long axes of n-acenes. Because the longer n-acenes (e.g.,   n ≥ 6  ) in OEEFs have been shown to possess pronounced MR character in their ground states, KS-DFT with the traditional semilocal and hybrid xc energy functionals can yield incorrect results for these MR systems [33,36,37,39,40]. On the other hand, owing to their prohibitively high computational cost, reliably accurate MR electronic structure methods are generally inapplicable for exploring the electronic properties of MR nanosystems (e.g., the longer n-acenes) in OEEFs. Therefore, TAO-DFT seems to be a promising electronic structure method for the present study due to its decent compromise between accuracy and efficiency.



According to our TAO-DFT calculations, the ST gap of n-acene in an OEEF monotonically decreases with an increasing acene length. For all the OEEFs considered, n-acenes (n = 2–10) possess singlet ground states. The use of OEEFs has been shown to be significant for tuning the vertical ionization potentials and vertical electron affinities of ground-state n-acenes with odd-number fused benzene rings. For the smaller F (e.g.,   F ≤ 0.001   a.u.), as n increases, the vertical ionization potential and fundamental gap monotonically decrease, while the vertical electron affinity and symmetrized von Neumann entropy monotonically increase, similar to those found in the absence of OEEFs (i.e.,   F = 0  ) [36,37]. For the larger F (e.g.,   F ≥ 0.002   a.u.), the vertical ionization potential and vertical electron affinity display odd–even oscillation patterns, while the fundamental gap and symmetrized von Neumann entropy show similar trends as those observed for the smaller F (e.g.,   F ≤ 0.001   a.u.). The odd–even oscillation patterns of vertical ionization potential and vertical electron affinity are rather unexpected and deserve further investigations. Similar to the findings of previous studies on n-acenes in the absence of OEEFs (i.e.,   F = 0  ) [35,37], the shorter n-acenes (e.g.,   n ≤ 5  ) in an OEEF possess a nonradical nature in their ground states, and the longer n-acenes in an OEEF possess an increasing polyradical nature in their ground states. Therefore, with the increase in the acene length, there is a transition from the nonradical nature of the shorter n-acenes to the increasing polyradical nature of the longer n-acenes in an OEEF. For n-acenes in an OEEF of the larger F, the evolution of the polyradical nature is more rapid. For future work, other MR systems (e.g., the coronene series [72] and other alternant polycyclic aromatic hydrocarbons [71]) in the OEEFs of various directions and strengths may be studied.
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Figure 1. Structure of 5-acene, containing five linearly fused benzene rings, in an OEEF, where the arrow indicates the OEEF direction. 
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Figure 2. The singlet–triplet energy gap of n-acene in an OEEF of the electric field strength F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u., calculated using spin-unrestricted TAO-LDA. 
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Figure 3. Vertical ionization potential for the ground state of n-acene in an OEEF of the electric field strength F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u., calculated using spin-unrestricted TAO-LDA. 
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Figure 4. Vertical electron affinity for the ground state of n-acene in an OEEF of the electric field strength F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u., calculated using spin-unrestricted TAO-LDA. 






Figure 4. Vertical electron affinity for the ground state of n-acene in an OEEF of the electric field strength F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u., calculated using spin-unrestricted TAO-LDA.



[image: Molecules 29 04245 g004]







[image: Molecules 29 04245 g005] 





Figure 5. Fundamental gap for the ground state of n-acene in an OEEF of the electric field strength F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u., calculated using spin-unrestricted TAO-LDA. 






Figure 5. Fundamental gap for the ground state of n-acene in an OEEF of the electric field strength F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u., calculated using spin-unrestricted TAO-LDA.



[image: Molecules 29 04245 g005]







[image: Molecules 29 04245 g006] 





Figure 6. Symmetrized von Neumann entropy for the ground state of n-acene in an OEEF of the electric field strength F = 0.000, 0.001, 0.002, 0.003, 0.004, and 0.005 a.u., calculated using spin-unrestricted TAO-LDA. 
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Figure 7. Occupation numbers of active orbitals for the ground state of n-acene in an OEEF of the electric field strength F = (a) 0.000, (b) 0.001, (c) 0.002, (d) 0.003, (e) 0.004, and (f) 0.005 a.u., calculated using spin-restricted TAO-LDA. Here, the HOMO/LUMO is denoted as the H/L for brevity. 
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