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ABSTRACT 

An intense absorption, phosphorescence, a long triplet excited state lifetime and 

singlet oxygen generation capabilities are characteristics of pyranoflavylium cations, 

analogues to pyranoanthocyanidins originated in the maturation process of red wine. Such 

properties make these compounds potential photosensitizers to be applied in 

photodynamic therapy. In this context, the photophysical processes underlying that 

treatment critically depend on the electronic structure of the pyranoflavylium molecules. 

When employing density functional theory to describe the electronic structure of 

molecules, the choice of the most suitable functional is not trivial, and benchmark studies 

are needed to orient practitioners in the field. In this work, a benchmark of seven of the 

most commonly used density functionals in addressing the photophysical properties of a 

set of eight pyranoflavylium cations is reported. Ground and excited state geometries, 

molecular orbitals, and absorption, fluorescence and phosphorescence transition energies 

were calculated using density functional theory approaches, and evaluated and compared 

to experimental data and monoreferential wave function-based methodologies. Statistical 

analysis of the results indicates that global-hybrid functionals allow an excellent 



description of absorption and emission energies, with errors around 0.05 eV, while range-

separated variants led to somewhat larger errors in the range 0.1-0.2 eV. In contrast, 

range-separated functionals display excellent phosphorescence energies with errors close 

to 0.05 eV, in this case global-hybrids showing increased discrepancies around 0.5-0.1 

eV. 

   

INTRODUCTION 

 

Recent studies have demonstrated that pyranoflavylium cations (PF+), compounds 

analogues to pyranoanthocyanidins originated in red wine, show interesting spectroscopic 

features to perform as photosensitizers.1,2 Intense absorption bands at UV-visible spectral 

range and a triplet excited state with a long lifetime are the main characteristics that turn 

these molecules into potential photosensitizers, for instance, to be used in photodynamic 

therapy (PDT).3,4 In this context, a correct description of their electronic structure can 

help not only understanding their photophysical properties, but also in designing new and 

more efficient photosensitizers. 

The molecular photosensitization phenomenon starts with light absorption and 

ends when the ground-state is reached again, what can happen through different decaying 

processes.5,6 Although some higher singlet excited states are populated in response to 

photoabsorption, in general, following Kasha’s rule, the electronic structure relaxes to the 

first singlet excited state (S1), from which important processes can take place, for 

example, fluorescence and intersystem crossing.7 In the case of photodynamic therapy, 

the first triplet excited state (T1) properties, such as the phosphorescence energy, are also 

relevant, given that electron and energy transfer processes involving this state are 

responsible for the effectiveness of the treatment.8–12 

Nowadays, time-dependent density functional theory (TD-DFT) has emerged as a 

powerful tool to describe molecular electronic structure and excited states properties, 

presenting an excellent balance in terms of accuracy and computational cost.13–19 TD-

DFT approaches allow to characterize molecular geometries and simulate single 

excitations, thus providing access to important spectral features, for example, the 

absorption and emission energies, and the molecular orbital contributions to electronic 

transitions.20–24 However, choosing the most suitable density functional to simulate 

molecular properties is not a trivial task, given the myriad of options developed in the last 

decades, which motivate the need for detailed benchmarking studies aimed at guiding 



practitioners in such choices.25–29 In the present study, the ability of different density 

approaches to simulate the photophysical properties of PF+ photosensitizers have been 

assessed. So far, global-hybrid (GH) and range-separated (RS) functionals are the most 

popular choice when dealing with molecular excited states. This is partly due to their 

widespread availability in quantum chemistry software, but mainly because they lead to 

accurate results when benchmarked with experimental data and wave function 

approaches.30–33 GH functionals are generally built based on the meta-generalized 

gradient approximation, in which electronic density, electronic density gradient and 

electronic density kinetic energy are the main variables.34,35 At the same time, a 

percentage (𝛼) of Hartree-Fock exchange (𝐸!"#) is also considered when calculating the 

exchange-correlation energy,36,37 as expressed in Equation 1. 

 

𝐸!$%" = 𝛼𝐸!"# + (1 − 𝛼)𝐸!&#' + 𝐸$&#' 	 (1) 

 

The value 𝛼 can be set based on theoretical arguments, but it is more frequent to 

determine that by fitting to training datasets. Depending on the desired property, the 

optimal value for 𝛼 can drastically vary. For instance, one of the most employed 

functionals, B3LYP, has a percentage of Hartree-Fock exchange of 20%, TPSSh of 10%, 

B98 of 22%, and PBE0 of 25%. In the case of the M06 functional, the percentage is 27% 

- the authors claim it is adequate to describe organometallic chemistry and noncovalent 

interactions – and for the M06-2X, the percentage is 54%, and it is recommended for 

main-group thermochemistry, and Rydberg states energies.34 

The range-separated functionals share the same essence as hybrid functionals, but 

in this strategy, a parameter ω was proposed to define the HF exchange ratio over the 

distance.38,39 The two-electrons coulombic repulsion term is decomposed as expressed in 

Equation (2). 

 
1
𝑟()

=
𝑒𝑟𝑓	(𝜔𝑟())

𝑟()
+
𝑒𝑟𝑓𝑐(𝜔𝑟())

𝑟()
	 (2) 

𝐸!$*+ = 𝑝𝐸!"# + (1 − 𝑝)(𝐸!,*-"# + 𝐸!+*-&#') + 𝐸$&#' 	 (3) 

 

Such separation leads to a HF exchange acting in long-range distances while DFT 

exchange acts over short-range distances, as written in Equation (3). It is also possible to 



tune the omega value to reproduce some target properties better. However, in this work, 

we chose to keep the default values of the software to compare with the default parameters 

of the other functionals. 

In order to provide a comprehensive picture of radiative photophysical processes 

while benchmarking different density functionals, in this work the electronic structure of 

eight pyranoflavylium cation (PF1-PF8 in Figure 1) was calculated by means of TD-DFT 

methods. Molecular orbitals, excited states diagrams and electronic transitions were 

scrutinized. In addition, solvatochromic effects on PF+ properties were also investigated 

through the IEF-PCM continuum solvation model. Finally, DFT results were also 

compared to the single-reference wave function method second-order Moller-Plesset 

perturbation theory (MP2) and second-order algebraic diagrammatic construction 

(ADC(2)) together with the conductor-like screening solvation model (COSMO).40 

 

 

Figure 1: Pyranoflavylium cations investigated in this work. R group is also referred as 

E ring along the text 

 

COMPUTATIONAL DETAILS 

  

The software Gaussian0941 was employed for all density functional theory 

calculations reported in this work. Optimized geometries for ground (S0), and excited (S1 

and T1) states were calculated using the functionals TPSSh36, B3LYP42, B9843, PBE044, 

M0634, CAM-B3LYP45 and ωB97XD46, with default 𝛼 and 𝜔 parameters, together with 

the split-valence gaussian basis set 6-311++G(d,p). To compare theoretical results to 

experimental data, the ground state and excited states geometries were also optimized in 



implicit solvent. The IEF-PCM method48–52 with Gaussian09 default settings was 

employed to simulate acetonitrile and isopropanol solutions. 

 The electronic absorption spectra were obtained by computing up to thirty (30) 

singlet excited states, both in gas phase and in acetonitrile, the latter being the solvent 

used to measure the experimental photoabsorption spectrum. On the other hand, the 

emission phenomena were measured in isopropanol solvent.4 Thus, the geometries of the 

S1 and T1 excited states were also obtained in gas and isopropanol solution. The vertical 

fluorescence (S1 → S0) and vertical phosphorescence (T1 → S0) emissions were calculated 

using all functionals previously described. To do so, the fluorescence energies were 

estimated as the energy difference between the optimized molecular conformation of the 

first singlet excited state (S1) and the ground-state energy for this same geometry. The 

TPSSh functional is not available for excited state geometry optimizations by means of 

TD-DFT in the Gaussian09 software version employed. The phosphorescence energies 

were calculated in the same way as it was done for fluorescence but considering the first 

triplet excited state optimized geometry. For punctual cases for PF7 and PF8 compounds, 

diffuse functions led to convergence problems, and the 6-311G(d,p) basis set47 was used 

instead (Figures SI21 – SI23). 

The present benchmark includes a statistical analysis, in which averaged energies, 

relative errors and standard deviation are reported for the results based on global-hybrid 

and range-separated functionals. They were calculated for the photophysical processes 

under investigation, namely absorption to the S1 and emissions from the S1 and T1 states. 

 

RESULTS AND DISCUSSION 

 

Geometries 

 

The absence of imaginary frequencies in the Hessian matrix for gas-phase and 

solvated phases indicated that all obtained geometries correspond to a minimum energy 

conformation. When comparing the cartesian coordinates among DFT functionals and 

between the electronic states S0, S1 and T1, the dihedral angles defined by the C-B and D-

E rings were found to display the greatest conformational discrepancies. In Figures SI1, 

SI2 and SI3 (support information), it is possible to appreciate both C-B and D-E optimal 

dihedral angles as a function of the DFT functional employed in gas-phase, in acetonitrile 

and in isopropanol, respectively.  



In general, optimal dihedral angle values provided by the DFT methods show 

good agreement among themselves for all pyranoflavylium cations, both in gas-phase and 

in solution. However, for PF1 and PF3, gas-phase calculations based on global-hybrid 

methods lead to D-E dihedral angles around 90°. The inclusion of solvent effects largely 

mitigates these discrepancies, which suggests that solvation could yield more consistent 

results than gas-phase simulations when benchmarking DFT methods.  

Overall, the B-C and D-E dihedral angles present different trends for each 

electronic state. For example, acute angles (0°<𝜃<30°) are found for the ground-state. 

However, for the S1 and T1 states, except when the ωB97XD functional is used, the B-C 

and D-E rings define dihedral angles close to 0°, which provides a flat conformation for 

all molecules. Such different conformations for different excited states suggest that both 

radiative and non-radiative decay processes could be related to specific B and E ring 

torsions. Besides, once the vertical emission processes start from the relaxed geometry of 

the excited state, the similar conformation for both S1 and T1 suggests that the spectrum 

emission profiles for both fluorescence and phosphorescence could present similar 

vibrational couplings in spectral measurements, as it was observed in experimental data53. 

 

Table 1: Ground-state D-E dihedral angles (°) calculated by MP2 and DFT methods for 

PF+ compounds 

Gas-phase 
Molecul

e MP2a TPSSh B3LYP B98 PBE0 M06 CAM ωB97XD 
PF1 18.4 1.1 1.1 1.5 1.8 1.8 5.7 14.6 
PF2 22.1 1.7 1.4 4.1 12.3 1.9 16.4 18.7 
PF3 - 12.7 15.8 16.8 16.8 17.0 19.5 23.2 
PF4 26.2 15.5 17.4 18.4 18.5 16.8 20.3 25.1 
PF5 23.8 7.6 15.6 15.9 16.3 3.4 18.8 21.0 
PF6 - 18.9 20.1 20.9 20.6 19.1 22.0 27.8 
PF7 23.3 15.8 19.3 20.1 19.8 20.1 22.1 26.0 
PF8 25.6 18.3 21.1 21.7 21.7 21.7 23.8 27.7 

Acetonitrile 
Molecul

e B3LYPa TPSSh B3LYP B98 PBE0 M06 CAM ωB97XD 
PF1 9.5 3.1 3.2 4.0 5.6 3.3 8.2 16.4 
PF2 17.1 0.4 6.7 8.4 7.7 0.8 14.1 18.8 
PF3 - 13.6 15.9 17.4 17.3 16.1 19.4 26.7 
PF4 13.3 12.5 15.8 17.0 15.9 16.1 20.2 22.2 
PF5 20.3 8.5 9.6 9.9 10.1 6.1 18.8 20.9 



PF6 - 15.0 18.6 19.2 19.1 19.2 20.7 23.9 
PF7 17.0 8.3 9.6 18.8 13.7 6.4 22.3 24.8 
PF8 20.8 11.9 18.3 20.7 18.2 22.8 23.5 26.7 

a. Ref. 40 (MP2/def2-TZVP and B3LYP/def2-TZVP/COSMO). 

 

 Except for PF1 and PF2, ground-state D-E dihedral angles predicted by DFT 

methods in gas-phase are close to those calculated at the MP2/def2-TZVP level of theory 

level by Siddique and coworkers,40 as shown in Table 1. In comparison to B3LYP/def2-

TZVP/COSMO in acetonitrile, again PF1 and PF2 present the larger discrepancies in 

dihedral angles. The slight differences between the two B3LYP set of results is due to 

differences in the basis set and solvation model employed in the calculations reported by 

the Siddique team. The comparison between DFT results presented in Table 1 reveals that 

the TPSSh and ωB97XD functionals yield the most discrepant values for this geometric 

parameter. In essence, TPSSh results in tighter dihedral angles and more coplanar 

geometries, while ωB97XD results in the largest ones. Nevertheless, the variation of D-

E dihedral angle was found to be lower than 20° when comparing both methods, showing 

a good agreement between them. Such small variations do not produce significant 

changes in photophysical properties, such as S1 and T1 energies, given that the PF+ 

compounds present a 𝜋-delocalized electronic system over almost the entire molecule, 

which is one aspect well described by DFT approaches.54 

Although range-separated functionals present the same percentage of Hartree-

Fock exchange, they provided results with significant discrepancy between them. This 

could be due to the differences in the range-separated parameter (ω), but also to their 

different mathematical formulations. For instance, the ωB97XD functional presents a 

dispersion term while CAM-B3LYP takes into account the smoothness of the coulombic 

potential curve. When compared to other functionals, ωB97XD provides the largest 

differences in terms of geometry, which is a consequence of the dispersion terms included 

in this functional. As it improves the description of the unbound intramolecular 

interactions, the insertion of dispersion terms yields significant changes in molecular 

conformations.55,56 In the case of pyranoflavylium cations, the interaction between the π 

clouds located in the center and in the B and E rings leads to the discrepancy observed 

for this functional. 

 This comparative analysis suggests that the increase in the percentage of Hartree-

Fock exchange (HF) among the global-hybrid functionals as well as the type of functional 



has a small influence on the geometry optimization, since they yield very similar 

geometries. So, these DFT functionals present a reasonable and consistent performance 

to optimize the geometries of pyranoflavylium cations.  

 

Electronic absorption spectra 

 

 The mechanism of the most common applications of organic chromophores as 

photosensitizers, e.g. PDT, starts from the interaction between visible light and the 

chromophore. In the S1 excited state, the chromophore is able to promote photophysical 

processes of interest, such as fluorescence and intersystem crossing7. For photodynamic 

applications, the position of the spectroscopic absorption bands is important as it 

determines the ability to photoexcite the molecules given the limited tissue-depth 

penetration of light. In addition, the energy initially absorbed from light determines the 

initial excited-state population thus impacting the subsequent decay processes. 

 



 
Figure 2: Electronic absorption spectra calculated for PF3 by different TD-DFT 

functionals in gas-phase and in acetonitrile. UV-visible spectral region is represented by 

transparent colors in the graphs. a. Ref. 4. 

 

 

According to Figures SI4-SI11 (support information), different DFT functionals 

provide similar spectral profiles for each pyranoflavylium cation, except for compound 



PF3, for which the largest variation is obtained with global-hybrid functionals (Figure 2). 

The increasing HF exchange percentage significantly modulates the position of all 

spectra, the higher this percentage the higher the displacement towards the blue spectral 

region. In other words, the increase of the HF exchange leads to an hypsochromic shift in 

all spectra. Additionally, the separation of the HF exchange action range by the ω 

parameter also intensifies that effect for all molecules.  

Once acetonitrile solvation is included, the first (S1) and second (S2) excited states 

shift toward the red spectral region. In addition, increases in the oscillator strengths of the 

S2 and S3 states indicate that acetonitrile favors the initial population of these states. In 

contrast, all other absorption lines experience an hypsochromic shift in the acetonitrile 

environment. Nevertheless, several excited states are high in energy, beyond the UV-

visible region (< 250 nm), so they are not relevant for visible-light induced photodynamic 

processes, and therefore will not be discussed further in this work. In Figures 3 and 4, the 

energy and character (major configuration) of the first seven excited states located near 

the UV and visible spectral regions are presented.  



 
Figure 3: Singlet excited states in the UV-visible spectral range calculated using different 

DFT functionals in acetonitrile for compounds PF1-PF4. Intramolecular charge transfer 

states, iCTn n=1,2 and 3, from B, E and B+E rings are highlighted in yellow, green and 

pink colors, respectively. H = HOMO and L = LUMO 

 



 
Figure 4: Singlet excited states in the UV-visible spectral range calculated using different 

DFT functionals in acetonitrile for compounds PF5-PF8. Intramolecular charge transfer 

states (iCTn n=1,2,3) from B, E and B+E rings are highlighted in yellow, green and pink 

colors, respectively. H = HOMO and L = LUMO 

 

Except for PF6 and PF8, for which several inversions of state order occurred, 

global-hybrid functionals have predicted the same order and character of the excited states 

(Figure 3 and 4). In contrast, range-separated functionals yield a different order and nature 



of the excited states when compared to global-hybrids, except for PF1. In addition, RS 

functionals predicted all excited states at higher energies than GH functionals. As can be 

observed, the energy of the excited states is related to their electronic configurations, 

which is defined by the molecular orbitals energies and character and electronic 

transitions.  

 



 
Figure 5: Molecular orbital energies calculated by different DFT functionals in the 

acetonitrile environment for PF+ compounds. Orbitals localized on B, E and B+E rings 



are highlighted in yellow, green and pink colors, respectively. Vertical dots correspond 

to other orbitals 

 

 In Figure 5, the molecular orbital energies calculated for the pyranoflavylium 

cations are reported. As the percent of HF exchange increases, the occupied orbitals 

decrease in energy and the virtual orbitals experience a slight increase, which increases 

the gap, as expected with increasing HF percentage. The separation of the action range of 

the HF exchange, defined by the parameter 𝜔, intensifies this effect, so that a smaller 𝜔 

leads to a greater splitting of molecular orbitals, consequently increasing the HOMO-

LUMO gap (Figure 5). 

 

The charge transfer states are characterized as an electronic density redistribution 

along the molecule, for which B and/or E rings are responsible for the injection of density 

on the central part of the molecule, rings ACD. Charge transfer states are known as “dark 

states”, once they do not present photoabsorption neither photoemission band in the 

visible spectrum. In the context of DFT simulations, iCT states are associated to null or 

very low oscillation strength, as can be observed in the obtained spectra (Figures SI4-

SI11). All the compounds present charge transfer from E ring (iCT2), except for PF2, for 

which this transition may be suppressed since methyl group has a weak mesomeric effect. 

For compounds PF1, PF3 and PF5, two orbitals were found to be located on the B and E 

rings (Figures SI12, SI14 and SI16), which give origin to two intramolecular charge 

transfer states, respectively named iCT1 and iCT2 (Figures 3 and 4). On the other hand, 

only the orbital localized on the E ring appears in compounds PF6, PF7 and PF8 (Figures 

SI17, SI18, SI19), which gives rise to the iCT2 state. For compound PF4, a unique charge 

transfer state was also found (iCT3), in which both B and E rings inject electronic density 

on the molecular central region. This happens as a consequence of the ring’s symmetry 

condition of this derivative. 

 According to the molecular orbital energy diagrams (Figure 5), their surfaces 

presented in Figures SI12-SI19 (support information) and their transition weights 

presented in Figure SI20 (support information), the nature of the excited states varies 

depending on the compound. Nonetheless, for all molecules the first excited state (S1) 

was unanimously predicted to be mostly characterized by the HOMO→LUMO transition. 

HOMO→LUMO+1 and HOMO→LUMO+2 states are also highlighted in the graphs 

shown in Figures 3 and 4 to better visualize their energetic ordering. Once the energy 



difference between LUMO+1 and LUMO is higher than that between HOMO-1 and 

HOMO, the HOMO→LUMO+1 state is higher in energy, and it is not the second excited 

state as it is for other organic molecules. Specially for range-separated functionals, 

HOMO→LUMO+2 also appears as the majority configuration of the S7 state. Despite all 

the energy variations among DFT functionals, changes in the order of molecular orbitals 

have not been found, which also supports the consistency of DFT results when predicting 

the electronic structure of PF+ compounds.  

 

 

Fluorescence and Phosphorescence 

 

 In Figures SI21-SI23 (support information), the experimental and theoretical 

fluorescence and phosphorescence energies of the PF+ under investigation are reported. 

These energies calculated from global-hybrid functionals results do not display 

remarkable variations. Although fluorescence energies present non-uniform values when 

calculated by hybrid functionals in gas-phase, those energies are very close to 

experimental data when calculated in the isopropanol environment. On the other hand, 

range-separated functionals yield in the greatest discrepancies against the considered 

references, even though they are small differences. The results reported in Figure SI21-

SI23 (support information) averaged over functional types are summarized in Figure 6. 

The phosphorescence energies calculated for all compounds and by all density methods 

are higher enough to generate singlet oxygen (~ 0.99 eV)57, which suggests potential to 

be used in photodynamic therapy. 

 



 
Figure 6: Average energies and standard deviation for vertical S1 absorption, vertical S1 

emission and vertical T1 emission calculated by global-hybrid (GH) and range-separated 

(RS) functional in gas-phase and in acetonitrile solution for PF+ compounds 

 

Statistics 

 



 
Figure 7: Average and standard deviation for HOMO-LUMO gaps calculated by global-

hybrids (GH) and range-separated (RS) functionals in gas-phase and in acetonitrile 

solution for PF+ compounds. 

  

 According to Figure 7, although solvation has not significantly affected the energy 

difference between orbitals, HOMO-LUMO gaps were found to be very discrepant when 

comparing both types of DFT functionals. On average, range-separated functionals yield 

systematically higher HOMO-LUMO gaps than global-hybrid functionals, being 

approximately 3.0 eV higher.  

 On average, absorption, fluorescence, and phosphorescence energies were 

consistently predicted by DFT methods, as shown in Figure 6. According to standard 

deviation, S1 absorption for PF1 in gas-phase was found to be the most spread obtained 

data, which is due to the discrepant E ring conformation obtained for the first singlet 

excited state by global-hybrids (Figure SI21). In the cases of S1 absorption and T1 

emission, the inclusion of solvation does not significantly change their energies, except 

for PF1 and PF3. However, the S1 emission was considerably affected by solvation, with 

averaged fluorescence energies obtained using RS functionals decreasing while GH 

functionals display increases. Again, PF3 presented the most discrepant values for those 

photophysical processes most likely due to the presence of the naphthyl group, which is 



highly saturated and causes an extension of the 𝜋-conjugated system which slightly 

changes the energy of the photophysical processes in question.  

 

 
Figure 8: Average relative errors and standard deviation between S1 absorption, S1 

emission and T1 emission energies calculated for PF+ compounds compared to 

experimental4 and theoretical (ADC(2)/def2-TZVP/COSMO)40 reference data. Note that 

TPSSh was not available for S1 fluorescence. 

 

The mean relative error and standard deviation calculated using the data obtained 

for all PF+ compounds against experimental and theoretical references are shown in 

Figure 8. For the S1 absorption process (Abs. S1), the errors found for DFT functionals 

were smaller when using theoretical data as the reference. This means that (TD)DFT 

results are closer to theoretical references than to experimental data. Range-separated 

functionals yield the highest errors for absorption, considering both references, the largest 

being 0.20 eV when ωB97XD is compared to experimental values. On the other hand, the 

TPSSh and B3LYP functionals present the lowest errors, 0.035 eV and 0.016 eV, when 

compared to experimental and theoretical references, respectively, showing an excellent 

performance. The standard deviation of GH and RS functionals does not overlap, which 

certifies that they provide statistically significant differences between them when 



predicting absorption energies. In comparison to experimental data, the standard 

deviations of global-hybrid functionals present a large overlap, which indicates no 

significant difference among those functionals. Considering the theoretical reference for 

Abs S1, except for TPSSh, standard deviations for all DFT functionals are quite small, 

and they show minor or negligible overlaps between them. B3LYP and M06 present the 

smallest deviations, 0.025 eV (experimental reference) and 0.006 eV (theoretical 

reference), respectively. On the other hand, TPSSh displays the largest deviations among 

all the functionals employed, being 0.036 eV and 0.027 eV with respect to experimental 

and theoretical reference, respectively. So, for hybrids with about 20% of Hartree-Fock 

exchange, there is a better compromise in predicting the gap and, consequently, the whole 

spectra for these compounds. 

 In contrast to absorption, the errors for fluorescence from S1 (Flu. S1) were found 

to be smaller when compared to experiments than to theoretical reference data. In 

addition, RS functionals again presented higher errors than GH functionals for both 

references, the largest being 0.258 eV (theoretical reference) for ωB97XD while the 

smallest error was obtained for B3LYP, 0.016 eV (experimental reference). The greater 

deviations found in the comparison with theoretical references demonstrate that the DFT 

results are more spread around the ADC(2)/def2-TZVP/COSMO results than in relation 

to the experimental data. In other words, DFT results for PF+ molecules seem to be more 

accurate but also more robust than ADC(2) ones. Again, non-overlapping standard 

deviation of GH and RS results suggest that their differences in performance are statically 

significant. On the other hand, such standard deviations in turn indicate no statistically 

significant difference among the GH and RS group of functionals. This result supports 

the consistency among DFT methods when estimating photophysical molecular 

properties. 

 The errors obtained for phosphorescence (Pho. T1) showed a different trend when 

compared to the other photophysical processes discussed previously. According to Figure 

6, ωB97XD leads to the best agreement with experimental and theoretical references, with 

remarkably small errors equal to 0.031 eV and 0.033 eV, respectively. In comparison to 

GH functionals, the increase in HOMO-LUMO gaps found for RS functionals (Figure 5) 

lead to an elevation of the first triplet excited state energy, given that LUMO is also half-

filled in this state. This H-L gap also explains the increase of the fluorescence energy 

calculated from RS functionals. Among GH functionals, the largest error was found for 

the TPSSh, 0.158 eV (theoretical reference), and the smallest was found for M06, 0.103 



eV (experimental data). The standard deviations found for GH functionals mostly 

overlap, except for TPSSh, which again demonstrates no significant difference between 

the performance of these functionals. 

 

CONCLUSIONS 

 

 In this article, a benchmark on the performance of density functional theory 

methods on describing photophysical properties of eight pyranoflavylium cations is 

reported. DFT predictions were compared to experimental as well as previously reported 

theoretical data. Structural analysis of the predicted geometries for ground and excited 

singlet and triplet states indicates that the functional assessed led to reliable results 

comparable to those obtained by the MP2 methodology, especially if dispersion 

corrections are included. On the other hand, the data presented in this article show that 

different flavors of global-hybrid functionals present very similar results in terms of 

molecular orbitals and transition energies for photophysical processes like absorption, 

fluorescence and phosphorescence. RS functionals, in turn, lead to higher HOMO-LUMO 

gaps and higher energies for these photophysical processes compared to GH functionals. 

 DFT functionals also led to similar excited states in terms of their nature, 

predicting several intramolecular charge transfer states, in which the injection of 

electronic density from E ring (substituent group R) occurs for all molecules, except for 

PF2. On the other hand, charge transfer starting from the B ring was obtained only for 

PF1, PF3 and PF5 compounds. As expected, range-separated functionals led to higher 

energies for these charge transfer states, but remarkable the state ordering remained like 

that found with global-hybrids. 

Statistical analysis of the obtained results, based on comparison with theoretical 

and experimental references, has shown that GH functionals lead to more accurate results 

for S1 absorption and S1 emission energies, while RS functionals yielded more accurate 

results for T1 emission. B3LYP presented the most satisfactory results for the description 

of the processes involving S1, while ωB97XD has shown the best performance for 

phosphorescence. Therefore, functionals with high percentages of Hartree-Fock exchange 

are necessary to study the main photophysical properties of this important class of 

compounds, and, depending on the target property (mainly those related to triplet states), 

it might be necessary to adopt range-separated approaches. 
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