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Abstract

:

The rational design of cyanine dyes for the fine-tuning of their photophysical properties undoubtedly requires theoretical considerations for understanding and predicting their absorption and fluorescence characteristics. The present study aims to assess the applicability and accuracy of several DFT functionals for calculating the absorption and fluorescence maxima of monomethine cyanine dyes. Ten DFT functionals and different basis sets were examined to select the proper theoretical model for calculating the electronic transitions of eight representative molecules from this class of compounds. The self-aggregation of the dyes was also considered. The pure exchange functionals (M06L, HFS, HFB, B97D) combined with the triple-zeta basis set 6-311+G(2d,p) showed the best performance during the theoretical estimation of the absorption and fluorescent characteristics of cyanine dyes.
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1. Introduction


Fluorescent dyes are widely used for the detection and quantification of nucleic acids (NA) and proteins and are applied in real-time PCR, gel electrophoresis, flow cytometry, microscopy, etc. [1,2,3]. This is due to the ability of specific fluorescent dyes to bind to various target biomolecules in a mostly noncovalent mode, leading to changes in the fluorescent properties of the respective dye. Any significant changes in the photophysical properties of the dye would be useful, but the most used one is the increase in the emission intensity of the dye upon binding. Cyanine dyes are a wide class of cationic compounds that have been proven to be efficient probes for nucleic acid detection [4] due to the fact that they have very low fluorescence intensity before binding, and this intensity increases significantly after binding to NA. Two types of nucleic acid binding have been demonstrated for these compounds: intercalation and minor groove binding [5,6,7,8,9]. Cyanine dyes are known to extend over the visible and near infrared spectrum due to changes in the length of the central polymethine bridge or the heterocycles [4,10]. The dye spectrum can be fine-tuned by introducing substituents into the aromatic heterocycles [11]. Because of their importance as fluorogenic acid probes, the cyanines have been the subject of versatile research in the last decade [7,11,12,13,14,15,16,17,18]. The development of new fluorescent probes for dsRNA is even more important nowadays [18,19]. The broad application of cyanine dyes in medicine and diagnostics [20,21,22,23] fuels the interest in them. The rational design of new functional materials requires a deep understanding of the driving forces behind the changes in the photophysical properties of the synthesized dyes as well as the binding mode toward the biomolecular targets. The rational approach to that problem requires a body of knowledge about the properties of the dye itself and the changes that these properties undergo upon binding. Undoubtedly, this knowledge includes experimental synthetic and spectroscopic studies as well as theoretical considerations of the dyes’ properties for resolving the factors governing the binding and selectivity towards nucleic acids. Quantum chemical computations provide information that allow us to have a deeper understanding of the binding to the DNA mechanism, structure of the ligands and complexes, and photochemical and spectral characteristics of the dyes [11,14,24,25,26,27,28].



The present study aims to assess the applicability and accuracy of several DFT functionals for calculating the absorption and fluorescent maxima of monomethine cyanine dyes. It is generally accepted that DFT provides adequate description of the geometry and physico-chemical properties of organic compounds in their ground state [29]. Time-Dependent Density Functional Theory (TDDFT) formalism is considered to be an adequate and robust tool for the computation of the electronic structure and geometry in the excited state for various organic compounds [14,30,31]. In some earlier studies, the TDDFT approach was considered to have poor performance when studying the photophysical properties of cyanines due to the overstimulation of the electron transition energies for this class of compounds [11,26,31,32,33]. It has been discussed that TDDFT’s poor performance in cyanines is due to the multi-reference nature of the electronic states of the dyes, especially when compared to the results of the CASPT2 method [34,35]. The applicability of the TDDFT approach for characterizing cyanine dyes has recently been reconsidered [14,24]. A comparison between the performance and accuracy of several Minnesota and PBE functionals with respect to Quantum Monte Carlo and CASPT2 calculations for cyanines is published from D. Truhlar and co-authors [14]. The work of Send et al. [24] also recognizes TDDFT by considering the electronic excitation of simple cyanine dyes compared to QMC, CASPT2, and the coupled cluster method (up to CC3). A conclusion was drawn that TDDFT is an adequate and reliable tool for the calculation of the excited-state electronic structures of organic molecules [32,36], including the class of cyanine dyes [14]. The combination of the functional and the basis set within the TDDFT method must be chosen for the specific fluorophore carefully. Thus, based on the already settled important issue that TDDFT does not show any shortcomings in the resolution of cyanine functionality, the aim of the present study concerns the TDDFT applications for a specific class of cyanines with more complex structure. The objective is to find functional-basis set combinations that are suitable for describing the specific chromophore for a group of monomethinecyanine dyes that are studied. We examined ten DFT functionals and different basis sets to select the proper theoretical model for calculating the electronic transitions of cyanine dyes. The theoretical results were validated against experimental data for the dyes studied.




2. Computational Methods


Quantum chemical computations were applied to simulate the geometry, electronic structure, and spectral properties for a series of cyanine dyes.



The geometry optimization and photophysical properties of the monomers of thiazole orange (TO) and the seven analogues that were studied were computed using the G16 software package [37]. The minimum energy structures in the ground state were optimized at the DFT [38] theory level using the B3LYP hybrid function in conjunction with the 6-31G(d,p) [39] basis set, and for the iodide counterions, only the SDD basis set and effective core potential were used [40,41,42,43]. The plausible TO dimers were optimized at M062X/6-31G(d,p) (SDD basis set used for the iodide counterions).



The effect of the medium was taken into account at each step by means of PCM formalism [44,45]. All of the computations were performed in a water medium to reproduce the experimental conditions (TE buffer). In order to verify that each optimized structure is a minimum of the potential energy surface, an analysis of the harmonic vibrational frequencies was performed using the same method/basis, set and no imaginary frequency was found. To determine the absorption wavelengths, the lowest energy absorption transitions were evaluated by TDDFT calculations of the vertical excitations. Ten different functional basis sets: B3LYP [46], PBE0 [47,48], M062X, M06, M06L [49], BH and HLYP [50], CAM-B3LYP [51], HFS [52,53], HFB [54], and B97D [55] with 6-311+G(2d,p) [56], were used to assess the accuracy of the functionals in predicting the spectral properties of cyanine dyes. The procedure for vertical absorption and emission computations is described in our previous work [30]. The following steps were included in the computations: (i) geometry optimization of the ground-state structure at the DFT level and the computation of vibrational frequencies using the same method/basis set to verify the optimized structure. (ii) TDDFT calculations of vertical excitations to estimate the lowest energy absorption transition. Six excited singlet states were considered, and the lowest energy transition with non-zero oscillator strength was taken into account for each of the monomer dyes from the series. Comparisons were made for two of the cyanine dyes using calculations that considered 12, 20, and 24 excited states. As a result, no significant difference in the vertical excitation energy was obtained. Twenty excited singlet states were considered for the dimer absorption spectra computations. (iii) After the excited state of interest was identified, TDDFT geometry optimization with equilibrium linear response solvation was performed. The optimization of the excited state at the TDDFT level starting from the ground state geometry was determined. Frequency calculations and the absence of imaginary frequencies confirm the equilibrium of the excited-state geometry. (iv) Fluorescence electronic transitions–TDDFT calculations of the vertical de-excitations based on the optimized geometry of the excited state. Vertical excitation and de-excitation energies were calculated without state-specific correction. The computed absorption and emission transitions in solution were compared to the experimental spectral data.




3. Results


3.1. Geometry Optimization


A series of eight asymmetric cyanine dyes (Scheme 1) were modelled with the help of DFT and TDDFT calculations to gather deep insights into the geometry and electron density distribution in the ground and excited states and to achieve a better understanding of the electronic spectra of the dyes. The cyanine dyes that were used in the present study were previously synthesized by our group [18,57,58].



The geometries of the cis- and trans- TO conformers optimized at the B3LYP/6-31G(d,p) theory levels are presented in Figure 1. For all of the studied cyanine dyes, the trans conformer is more stable than the cis conformer. Geometry parameters and some spectral characteristics of several of the conformational TO states are provided in Table 1. The energy difference between the cis and trans TO conformers is 5.4 kcal/mol in favour of the trans conformer. The main difference between the two conformational states, cis and trans, is the dihedral angle between the quinoline and benzothiazole heterocycles-τ(SC2C4C6). The cis conformer is not planar, and the dihedral angle τ(S1C2C4C6) is 125.7°. Due to some steric hindrance between the two heterocycles, the trans conformer is not fully planar. In the trans conformer, the angle τ(S1C2C4C6) is 17.8°, thus leading to a conjugation between the two heterocycles through the methine bridge. These theoretical results are in agreement with the results of other conformational NMR studies [59].



Furthermore, due to variations in the counterion position and the influence of the counterion position on some photophysical TO characteristics, different trans conformations were considered. The geometry parameters and spectral characteristics of three trans conformers with different counterion positions are provided in Table 1. The calculations show that the position of the counterion has little influence on the Gibbs free energy of the conformers and their absorption maxima.




3.2. Modelling Spectroscopic Properties


Computing the molecular properties of organic compounds in the ground state is more or less systematic, while the theoretical calculation of excited state properties, such as absorption and fluorescence maxima, is not so trivial. A careful calibration of the theoretical model applied to perform computational studies for a series of molecules with a particular chromophore is of critical importance.



The absorption maxima of the dyes that were studied were computed using the B3LYP/6-31G(d,p)-optimized geometry of the molecules. Vertical excitations were obtained from single point TDDFT computations on the optimized geometries using ten different functionals: B3LYP, PBE0, M062X, M06, M06L, BH and HLYP, CAM-B3LYP, HFS, HFB, and B97D, to find an accurate description of the electronic excitations as well as to predict the absorption and emission spectral characteristics. The vertical excitations/absorption maxima were computed in the ground-state geometry. All of the computations were made in a water medium to mimic the experimental conditions. The solvent effect was modeled using the SCRF formalism IEFPCM.



TDDFT allows transition energies as well as excited-state properties such as dipole moments and emitting geometries to be computed [60,61]. Despite its huge popularity, the reliability of TDDFT results depends significantly on the selected exchange–correlation (XC) functional. The accepted accuracy of TDDFT computations is 0.2–0.3 eV [62]. The chemical accuracy of the 0.1 eV difference between the calculated and measured absorption maxima has not yet been reached.



In the literature, one of the ways to overcome this is to use range-separated hybrids (RSH) [62,63,64,65]. These functionals incorporate a growing fraction of exact exchange with increasing inter-electronic distance and allow the charge-transfer phenomena to be modelled accurately. Range-separated functionals (RSF) are a subgroup of hybrid functionals. While conventional (global) hybrid functionals such as PBE0 or B3LYP use fixed Hartree–Fock and DFT exchange, RSFs mix the two contributions based on the spatial distance between two points.



The predicted absorption wavelengths of the lowest electronic energy transitions and respective oscillator strengths for the cis and trans TO conformers are listed in the last two columns of Table 1. Vertical excitation energies computed at the PBE0/6-311+G(2d,p) level of theory without any state-specific correction are reported in Table 1. It can be seen that the calculated absorption maximum of the cis conformer (477 nm) is batochromicaly shifted compared to the trans absorption maxima (447–449 nm). The transitions of the two conformers show different oscillator strength, which is lower for the cis conformer.



The molecular orbitals involved in the S0→S1 transitions for the cis and trans conformers were calculated. Figure 2 shows the ground-state orbital energy levels of the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), and the energy gap for the cis TO and the trans TO in water. The trends in electron density change can be illustrated through the molecular orbitals shape analysis. The HOMO has a higher electron density on the benzothiazole ring. As seen from Figure 2, the electron density is redistributed from the benzothiazole and moves toward the quinoline heterocycle of the cis and trans TOs. Strong charge transfer is observed from the benzothiazole ring toward the quinoline portion, accompanying the electronic transition in the cis TO conformer. The strong charge transfer observed for the cis conformer explains the red shift of the transition. For the other compounds being studied, only the most stable conformer was considered.



The influence of the basis set on the absorption maxima calculations was considered. The theoretical vertical excitation energies were computed with six Pople-type basis sets. The results that were obtained are summarized in Table 2. As seen from Table 2, the addition of one diffuse function to the 6-31G(d,p) basis set instantly increases the value of the calculated absorption maximum, thus improving the results obtained with 6-31+G(d,p). The best results were obtained with the large 6-311+G(2d,p) basis set (2.71 eV(458 nm) the predicted maximum, 2.47 eV(502 nm)–experimental value). The difference between the theoretical estimation and the experimental value was 0.24 eV, which is an acceptable accuracy. Benchmark calculations on the absorption properties of various systems have demonstrated that the expected TDDFT accuracy is between 0.2 and 0.3 eV [30,62,66].



Further calculations of vertical absorptions for a series of eight cyanine dyes were carried out with different functionals combined with the triple-zeta basis set 6-311+G(2d,p). Table 3 summarizes the vertical absorption energies calculated with ten different TDDFT functionals: B3LYP, PBE0, M062X, M06, M06L, BH and HLYP, CAM-B3LYP, HFS, HFB, and B97D. The applied functionals differ in the form of their exchange functional. This functional has various percentage HF exchange (0% to 54%). A comparison between the theoretical results obtained with the ten functionals combined with the triple-zeta basis set 6-311+G(2d,p) in a water medium and the experimental spectral data are presented in Table 3. The performance of the different functionals can be assessed by the mean absolute deviations (MAD) of the theoretical values from the experiment. The MAD values for each of the functionals used are given in the last row of Table 3.



All of the DFT functionals follow the experimental tendencies (Figure 3) and qualitatively describe the changes in the absorption maximum in the studied series. Such correlation between the experiment and theory indicates that the entire group of functionals is good enough for picturing the trends in the series.



The deviation in the theoretically calculated absorption energies from the experimentally observed values for the electronic transitions (in eV) can be seen in Figure 4. It can be seen from Table 3 and Figure 4 that the hybrid functionals B3LYP, PBE0, and M06 (25–27% Hartree–Fock exchange) performed adequately for this class of dyes and can be used as a tool for calculating the electronic structures of monomethine cyanine dyes. Although they overestimate the transition energies, MAD is in the admissible range of 0.2–0.3 eV. The performance of the range-separated functional CAM-B3LYP is the worst in our case, although it has been recommended for the calculation of electronic charge transfer transitions [65,67,68].



In Gaussian 16, HFS stands for the Slater exchange. HFB is Becke’s 1988 functional, which includes the Slater exchange with corrections involving the gradient of the density. The pure exchange functionals (M06L, HFS, HFB, B97D) show the best performance for the case study. All of these functionals have excellent performance and good predictability, the best being B97D with MAD 0.01 eV.



Based on these studies, we recommend that pure DFT functionals (M06L, HFS, HFB, B97D) be used to calculate the absorption properties of cyanine dyes.




3.3. Fluorescence


As mentioned earlier, the fluorescent response of cyanine dyes is sensitive to the environment. TO and its analogs have almost no fluorescence in organic solvents and exhibit a serious enhancement in the fluorescence intensity in viscous solutions (such as glycerin) and in DNA/RNA. The nature of fluorescence quenching in asymmetric cyanine dyes has been elucidated in several studies [66,69,70] and has been attributed to intramolecular torsion in the excited state. Easy rotation in solvent quenches the fluorescence. The fluorescence quantum yield increases when this rotation is obstructed. The geometry of the first TO excited state was optimized at B3LYP and PBE0 /6-311+G(2d,p) and is presented in Figure 5. The optimized ground-state geometry is planar, while the excited state is highly twisted. The vertical excitation leads to a locally excited state with a weak CT character (Figure 2) that has the same geometry as the ground state and has a planar structure. This local excited state has a transition energy of 2.51 eV (494nm). The optimization of the first excited state S1 leads to a twisted geometry where the donor (quinolone moiety) and the acceptor (benzthiazole part) are perpendicular to each another (Figure 5). With the change in the dihedral angle between the two heterocycles (τ2—Figure 6) a fully twisted dark state is formed in accordance with previous findings [11,12,13]. This conformational changes in the structure of the fluorophore lead to the formation of a twisted intramolecular charge-transfer (TICT) excited state (S1) [71]. The computed Stokes shift for TO is 1613 cm−1, which agrees with the experimentally measured 1193 cm−1. The fluorescence computations at B3LYP and PBE0 are in line with the experiment although the transition energies are slightly overestimated.



The conformational change in the excited state and the fact that the fluorescence intensity changes after binding of the dye to NA, thus leading to the fixation of the planar geometry, are the origin of the TO sensing mechanism and its analogs.




3.4. Aggregation of the Dyes


Monomethine cyanine dyes tend to aggregate in aqueous solution due to hydrophobic interactions. It has been suggested that the hydrophobicity and polarizability of dyes favor π-stacking interactions [72]. The self-aggregation of both TO and Benzthiazole Orange dyes has been found to occur but with deferent strength and other features depending on the dye itself [73]. An additional absorption band at 471 nm is observed in the absorption spectrum of TO alongside the dye’s intrinsic absorption at 501 nm [73,74,75]. The band at 501 nm prevails at low concentrations, while at higher concentrations, the band at 471 predominates. This behavior is associated with the self-aggregation of the dye molecules and the formation of H dimers [74]. H-dimers are formed by interactions between the heterocyclic systems of two dye molecules located one above the other (the molecules are superimposed), while in the case of J dimers, molecule slipping relative to each other is observed. To address this behavior, we modeled four different π-stacked TO H-dimers, and their optimized geometry is shown in Figure 7.



During TO dimer optimization, the main challenge is maintaining π-stacking. The use of global hybrids such as B3LYP and PBE0 is not possible since the structure of the dimers falls apart during optimization. The dimer structures were optimized using the M062x functional. The presence of the iodide counterions was explicitly considered when modelling the structures. Mooi and Heyne [76] studied the effect of various counterions on aggregation. Counterions have been shown to play a significant role in terms of structural dimer organization and specific ionic effects.



The Gibbs free energy resulting from dimer formation was calculated at M062X/6-31G(d,p) from the following reaction: 2TO→(TO)2. The optimized geometries of the H-dimers are shown in Figure 7, and the theoretical estimations are provided in Table 4. The most stable H-dimer is Dimer 2, where the donor part of the first molecule is above the acceptor part of the second TO molecule. The calculated Gibbs free energy resulting from the formation of the most stable dimer is −6.10 kcal/mol.



KDhas been experimentally measured in two different TO dimerization studies, with the following results being achieved: −3.1 × 104 M−1 from [73] and 2.5 × 104 M−1 [77]. The Gibbs free energy of formation of the dimers was computed from the experiment using the equation ∆G= −RTlnK. The respective values were −6.12 kcal/mol and −6.00 kcal/mol. Thus, a very good agreement between the experiment and theory (−6.10 kcal/mol) was obtained in the present study.



The predicted vertical absorption values for the dimers are blue shifted according to the monomer absorption. The absorption maxima of the lowest energy TO dimer (Dimer 2) were calculated with HFS and HFB functionals determined to be the most accurate for the monomer absorption prediction. The obtained theoretical values are provided in Table 5. As seen from the table, the absorption maxima computed with HFB and HFS functionals are in very good agreement with the experimental values [73,75]. For comparison, the PBE0-calculated values are also provided in the table.



Dimer formation can be used as a model for the aggregation characteristics of TO analogs as well as analysis of the change in the fluorescence of the dye after binding to DNA. It can be stated that aggregation-induced fluorescence is observed during the dye aggregation process and upon dye-binding to NA.





4. Conclusions


A series of eight asymmetric cyanine dyes was modelled using DFT and TDDFT calculations. The calibration of the theoretical model for performing computational studies for dye molecules containing a particular chromophore was performed by examining the accuracy of ten functionals and six Pople-type basis sets. Theoretical results were validated against the experimental data. It was shown that the addition of one diffuse function to the 6-31G(d,p) basis set instantly increased the value of the calculated absorption maximum, thus improving the results obtained with 6-31+G(d,p). The large triple-zeta basis set 6-311+G(2d,p) showed the best performance. The comparison between the theoretical results obtained with the ten functionals combined with the triple-zeta basis set in a water medium and the experimental spectral data evince that the pure exchange functionals M06L, HFS, HFB, and B97D had the best performance in the case study.
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Scheme 1. Thiazole orange (TO) analogues. Dye labelling is the same as in the original papers. 
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Figure 1. B3LYP/6-31G(d,p)-optimized geometry of cis and trans TO conformers. Color scheme: C–gray, S–yellow, H–white, N–blue, I–magenta. 
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Figure 2. Molecular orbitals involved in the S0→S1 transition for cis and trans TO conformers computed at B3LYP/6-31G(d,p) in water medium. 
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Figure 3. Trends in changes of the theoretical TDDFT vertical excitation energies (in nm) computed with different functionals combined with the 6-311+G(2d,p) basis set in a water medium and experimental absorption maxima from spectra in TE buffer for the series of cyanine dyes. 
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Figure 4. Deviations in the theoretical TDDFT vertical excitation energies (in eV) computed with different functionals combined with 6-311+G(2d,p) basis set in a water medium from the experimental data from spectra in TE buffer for the series of cyanine dyes. 
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Figure 5. Schematic representation for ground (S0) and excited state (S1) geometries of TO. 
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Figure 6. Excitation energies of TO as a function of the interplanar angle τ2(HC3C4C5). The radius of the circles is proportional to the predicted oscillator strength. 
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Figure 7. M062X/6-31G(d,p)-optimized molecular structures of TO H-dimers in water: left-top view, right-site view. 
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Table 1. B3LYP/6-31G(d,p)-optimized geometry parameters, absorption maxima (nm), and oscillator strength (f) from PBE0/6-311+G(2d,p) computations for several conformational TO states.
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Isomer

	
τ1 (NC2C3H)

	
τ2 (HC3C4C5)

	
τ (C2C3C4C6)

	
∆G (kcal/mol)

	
λabs (nm)

	
f






	
cis

	
−14.8

	
157.7

	
145.6

	
5.4

	
476.8

	
0.6706




	
trans

	
6.4

	
10.0

	
12.7

	
0.0

	
447.2

	
0.9598




	
trans 2

	
6.5

	
9.1

	
11.8

	
0.8

	
448.8

	
0.9000




	
trans 3

	
−6.5

	
−10.6

	
−13.2

	
1.5

	
447.2

	
0.9504
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Table 2. Computed absorption maxima λabs (nm) for TO computed with PBE0 functional and different basis sets.
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Basis Set

	
λabs [nm]

PCM

	
λabs [nm]

SMD






	
6-31G(d,p)

	
445

	
445




	
6-31+G(d,p)

	
454

	
453




	
6-31++G(d,p)

	
454

	
453




	
6-311G(d,p)

	
451

	
450




	
6-311+G(d,p)

	
452

	
455




	
6-311+G(2d,p)

	
458

	
457




	
Experiment λabs (nm)

	
502 a








a From Ref. [64].
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Table 3. The deviation from experiment of the theoretical vertical excitation energies (in eV) computed with different functionals combined with the 6-311+G(2d,p) basis set in a water medium for a series of cyanine dyes.
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	Dye
	B3LYP
	PBE0
	M062X
	BH&HLYP
	CAM

B3LYP
	M06
	M06L
	HFS
	HFB
	B97D





	TO
	0.24
	0.30
	0.39
	0.52
	0.42
	0.27
	0.20
	0.01
	0.02
	0.06



	1b
	0.25
	0.31
	0.40
	0.54
	0.44
	0.29
	0.21
	0.01
	0.04
	0.06



	B9
	0.23
	0.29
	0.39
	0.52
	0.43
	0.26
	0.16
	−0.03
	−0.01
	0.03



	B11
	0.23
	0.29
	0.38
	0.52
	0.42
	0.26
	0.16
	−0.03
	−0.01
	0.03



	B13
	0.22
	0.28
	0.38
	0.52
	0.42
	0.25
	0.16
	−0.06
	−0.03
	0.01



	6b
	0.11
	0.17
	0.33
	0.41
	0.35
	0.15
	0.07
	−0.11
	−0.09
	−0.07



	7Cl−TO
	0.24
	0.31
	0.39
	0.52
	0.42
	0.28
	0.19
	0.00
	0.02
	0.05



	sof-5
	0.19
	0.26
	0.39
	0.51
	0.43
	0.23
	0.04
	−0.17
	−0.13
	−0.11



	MAD a
	0.21
	0.28
	0.38
	0.51
	0.42
	0.25
	0.15
	−0.05
	−0.02
	0.01







a Mean absolute deviation from the experiment (MAD)   M A D =   ∑  |   λ  c a l c   −  λ  e x p    |   n   , n–number of compounds.
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Table 4. M062X/6-31G(d,p) computed Gibbs free energy of formation (in kcal/mol) and absorption maxima (nm) of TO H-dimers.
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	TO Dimer
	ΔG (kcal/mol)
	λabs (nm) a





	Dimer 1
	−1.4
	415



	Dimer 2
	−6.1
	423



	Dimer 3
	−5.9
	417



	Dimer 4
	−4.6
	426







a From PBE0/6-311+G(2d,p) computations.
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Table 5. Calculated absorption maxima (nm) for TO monomer and dimer.
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	Method/Basis Set
	Monomer
	Dimer





	HFS/6-311+G(2d,p)
	500
	484



	HFB/6-311+G(2d,p)
	497
	477



	PBE0/6-311+G(2d,p)
	447
	423



	experiment
	501
	471
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