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Abstract 

Excited state intramolecular proton transfer (ESIPT) processes typically occur when photoexcited molecules 

relax via a tautomeric proton transfer event in the excited state, and it is known to depend on the properties 

of donor and acceptor groups. In this work, we employed ground state and Time Dependent Density 

Functional Theory aiming at studying the ESIPT viability on triphenyl-substituted heterocyclic (imidazole, 

oxazole, and thiazole) tert-butyl derivatives. For all compounds, the formation of a keto tautomer is favored 

once an excited state is generated from a ground state enol tautomer. The expected tert-butyl electron donor 

effect and enol form stabilization is verified in the ground state, but the opposite is observed for the excited 

state. We found that tert-butyl substituted compounds have reduced HOMO-LUMO gap, exhibit barrierless 

proton transfer in the excited state and stronger Hydrogen bond after light excitation.  
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Introduction 

 

Excited State Intramolecular Proton Transfer (ESIPT) is a phenomenon where the established equilibrium 

between tautomers is perturbed upon the formation of excited states (Scheme 1).1,2 Usually, enol and keto-

like tautomers are involved. At the same time, the first is the most stable species on the electronic singlet 

ground state (S0). When the enol absorbs a photon and reaches the electronic singlet excited state (S1), a 

proton (H+) is transferred from a donor site to an acceptor group within the molecular framework, generating 

the other tautomer in its S1 state accompanied by an overall decrease in energy. Fluorescence emission ensues 

from the keto S1 to its S0, and a ground state H+ transfer reestablishes the distribution of tautomers before 

photoexcitation. Since there is a significant difference in energies concerning absorption and emission by 

different tautomers, Stokes shift larger than 8000 cm–1 are commonly observed in ESIPT operating systems.3,4 

Excited-state formation leads to the simultaneous increase in acidity and basicity of the groups involved with 

H+ movement (i.e., photoacidity/basicity). Thus, proton transfer and formation of the S1 keto tautomer occurs 

on the timescale of photochemical processes.1,2 This results, for example, in fluorescence quenching of the 

enol tautomer3 and the possibility of off-on emission response under different conditions.5 

 

 
 

Scheme 1. Excited state intramolecular proton transfer (ESIPT) mechanism. 

 

Changing H+ donor and acceptor groups within the molecule or its substitution patterns, as well as 

environment features (i.e., changes in solvent or addition of ions) can modulate the distribution of species in 

the excited state, therefore, altering the registered fluorescence profile.3,6–10 Since the dynamics of this 

phototautomerization is so sensitive to structural and environmental aspects, ESIPT acts as the underlying 

basis of a wide range of applications, such as laser dyes, solar energy condensers, chemosensors and 

fluorosensors, luminescent and electroluminescent materials, photostabilizers, molecular probes, 

optoelectronic devices, among others.9–17 Such a broad exploration of ESIPT in applications depends on 

rationalizing the phenomenon on an experimental level and, equally important, through computational 

simulation techniques. 7,18–24 

In the process of understanding ESIPT, some studies were carried out to compare the properties of 

different benzazole derivatives (i.e., benzimidazole, benzoxazole, etc.) as proton acceptors, using appended 

phenols as donors.7,25 Triphenylimidazoles are compounds with high fluorescence quantum yield (ΦFL > 40 %)26 
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and, since light emission efficiency is a key factor, these have been used successfully for the detection of 

metallic cations due to the formation of coordinated compounds that perturb ESIPT.3,10 In a previous work, we 

have explored the dynamics of ESIPT in three different hydroxylated triphenylazoles (1a–3a) using DFT, and 

TD-DFT calculations.27 With these compounds, intramolecular proton transfer in the electronic fundamental 

state must overcome a > 10 kcal mol–1 energy barrier, which becomes < 1 kcal mol–1 in the excited state. The 

identity of the heterocyclic functionality is also relevant, with the HOMO-LUMO transition energy gap 

increasing in the sequence thiazole, oxazole, imidazole; interestingly, the smaller emission energy was 

observed for the imidazole derivative.27 

 

 

 

X= NH (1), O (2), S (3) 

 

R1 = R2 = H (a) 

R1 = t-butyl, R2 = H (b) 

R1 = H, R2 = t-butyl (c) 

R1 = R2 = t-butyl (d) 

 

Figure 1. Molecular structure of the studied compounds (data for compounds 1a, 2a and 3a have been 

published before27 and are reported in this work only for comparison purposes). 

 

Geometry reorganization is extremely significant for ESIPT28, and so must be the presence of additional 

vibrational modes for excited-state deactivation. The presence of tert-butyl groups as substituents in 

hydroxylated triphenylazoles (1b-d, 2b-d and 3b-d) may be of importance for the dynamics of proton transfer. 

Experimentally, it has been observed that the free rotor effect attributed to tert-butyl groups in part reduces 

ΦFL from 35% to 1.3% when comparing 1a3 with 1d10. Tert-butyl groups are commonly applied in organic 

systems were proton-coupled electron transfer operates, to avoid self-quenching of the electrochemically 

generated radical.29–32 Therefore, in this work we use DFT and TD-DFT calculations for hydroxylated 

triphenylazoles 1-3, mainly to rationalize the role of tert-butyl substitution on the context of ESIPT. 

 

 

Results and Discussion 
 

Ground state conformations 
Initially, it is crucial to characterize the ground state conformations and the stability of closed, open and 
rotamer conformers of 1-3 (Figure 2). Ground state conformations are relevant for the overall rationalization 
of ESIPT systems.4,27,33 Geometries and structure parameters are displayed in Supplementary Material (Figures 
SM2 to SM4, Tables SM1 to SM3) and Table 1 presents the relative energies of open and rotamer forms with 
the closed form as reference. Closed conformers, as expected, are more stable in the ground state due the 
intramolecular hydrogen bonding between hydroxyl and the sp2 nitrogen of azole groups. Moreover, for all 
the calculated closed forms, the preferential tautomer in the ground state was the enol. 
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Figure 2. Possible closed, open and rotamer conformations for the hydroxylated triphenylazoles 1–3 studied in 

this work. 

 

Table 1. Relative energies with the closed conformer (C) as reference, in kcal mol–1, for the electronic ground 

state of 1-3 in the open (O) and rotamer (R) conformers 

Compound ΔEO–C/kcal mol–1 ΔER–C/kcal mol–1 

1a* 13.55 8.47 

1b 13.87 9.76 

1c 9.79 8.18 

1d 11.48 9.57 

2a* 12.55 5.77 

2b 12.72 5.71 

2c 11.49 6.21 

2d 13.56 4.96 

3a* 12.68 9.48 

3b 14.04 12.10 

3c 11.98 8.76 

3d 12.80 8.20 

* data have been published before27 and are reported in this 

work only for comparison purposes. 

 

The energy difference between closed and open forms (ΔEO–C, Table 1) can be approximated to the 

hydrogen bond strength of these systems, with more positive values representing stronger intramolecular 

interactions. The a-type compounds (i.e., without tert-butyl substituents), are presented here for comparison 

purposes, aiming to evaluate the influence of the alkyl groups on the overall properties of the molecules. The 

average hydrogen bond strength is about 12.5 kcal mol–1 and ortho-substituted compounds (b-type) have this 

interaction slightly increased. This should be related to the steric influence of the alky group that prevents C–O 

bond rotation to generate the open form, thus, increasing the energy difference between conformers. On the 

other hand, para substitutions (c-type) induce weaker hydrogen bonds, particularly for the imidazole 

derivative (1c). Probably, the electron-donating inductive effect of the alkyl group, specifically at the para 
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position, is diminishing the acidity of the phenol and preventing the generation of charges and donation of the 

proton to the basic site. When two tert-butyl substituents are present (d-type) the strength of this 

intramolecular interaction increases again, in a more significant way for oxazole compound (2d). For 1d and 

3d, it can be seen that ΔEO–C values represent a combination of the opposing steric and electronic effects of 

the substituents (Table 1). 

Rotamer energies are always smaller than that obtained for open conformers since a new hydrogen bond 

between the phenol group and the sp3 heteroatom of the heterocyclic is allowed; this is particularly relevant 

for the oxazoles 2a-d. For the imidazole, 1a-d, and thiazole derivatives, 3a-d, this hydrogen bond is not 

effective, since the acceptor is a sp3 nitrogen atom, in the first case, or a sulfur atom, for the latter, as 

discussed elsewhere.27 

 

Absorption spectra 

The absorption spectra for the compounds presented here are composed of two main transitions in the region 

between 350 and 300 nm (Table 2). The first one, with a smaller associated energy, corresponds to a HOMO-

LUMO transition while the latter to a HOMO-LUMO+1 transition. The first transition is maintained as HOMO-

LUMO for all the derivatives, but tendencies on energy variation are not the same for the different 

heterocycles. Regarding the second transition, it is maintained as HOMO-LUMO+1 for the substituted 

compounds, except for the substituted derivatives of oxazole 2b-d for which the second transition is 

degenerated with the HOMO–1-LUMO transition. Also, for this transition, there is no observed tendency with 

the substitution. 

The molecular orbitals energy diagram (Figure 2) shows that the tert-butyl substitution opens the gap for 

imidazole compounds, especially when in para position (1c), because the substitution increases the energy of 

the LUMO. However, the effect on oxazole (2b-d) and thiazole (3b-d) is mainly observed on HOMO, 

destabilizing this orbital, so that the gap becomes smaller when compared to the non-substituted compound 

(2a and 3a). For 2d and 3d (i.e., compounds with two tert-butyl substituents), both HOMO and LUMO are 

destabilized, but the energy gap for 3d is not affected while the one for 2d increases. Overall, it could be said 

that comparing the a-type compounds with the b-type, it is observed that substitution in ortho has little to no 

effect on the energy of frontier orbitals, emphasizing the hypothesis that in this configuration the tert-butyl 

group has more steric influence than electronic. In agreement with this observation, c-type compounds show 

that substitution in para has more effect over HOMO and LUMO energies, according to the electronic nature 

of its influence. 
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Table 2. Electronic absorption spectra data obtained for all the compounds studied. Wavelength of absorption 

(λAbs, in nm), oscillator strength (f) and main molecular orbitals (MO) involved in the transition 

compounds λAbs./nm f MO/% 

1a* 
338 

311 

0.385 

0.429 

HOMO-LUMO/94 

HOMO-LUMO+1/87 

1b 
337 

310 

0.373 

0.386 

HOMO-LUMO/95 

HOMO-LUMO+1/70 

1c 
327 

300 

0.396 

0.410 

HOMO-LUMO/95 

HOMO-LUMO+1/90 

1d 
331 

302 

0.373 

0.457 

HOMO-LUMO/95 

HOMO-LUMO+1/92 

2a* 
339 

305 

0.672 

0.227 

HOMO-LUMO/94 

HOMO-LUMO+1/78 

2b 

343 

310 

306 

0.578 

0.105 

0.281 

HOMO-LUMO/93 

HOMO–1-LUMO/82 

HOMO-LUMO+1/82 

2c 

349 

312 

307 

0.510 

0.247 

0.175 

HOMO-LUMO/93 

HOMO-LUMO+1/47 

HOMO–1-LUMO/44 

2d 

335 

302 

297 

0.542 

0.247 

0.198 

HOMO-LUMO/90 

HOMO–1-LUMO/84 

HOMO-LUMO+1/86 

3a* 
346 

303 

0.548 

0.119 

HOMO-LUMO/94 

HOMO-LUMO+1/86 

3b 
346 

310 

0.462 

0.131 

HOMO-LUMO/91 

HOMO-LUMO+1/90 

3c 
358 

309 

0.490 

0.146 

HOMO-LUMO/93 

HOMO-LUMO+1/85 

3d 
351 

304 

0.416 

0.135 

HOMO-LUMO/92 

HOMO-LUMO+1/91 

* data have been published before27 and are reported in this 

work only for comparison purposes 
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Figure 2. Diagrams of molecular orbital energies for the compounds studied.  

 

To better rationalize the effect of tert-butyl substitution on molecular orbitals energy, it is important to 

verify their spatial distribution (Figures SM7, SM11, and SM15 for enol/closed conformers). For 2a-d and 3a-d 

derivatives, HOMO and HOMO–1 have contributions of the whole conjugated system, while for 1a-d only the 

HOMO has this characteristic. For LUMO and LUMO+1, the electronic density remains distributed over the 

conjugated part of the molecule. It is interesting to note that tert-butyl groups do not contribute to virtual 

orbitals but contributes to HOMO–1, and only para substitution has a small contribution to HOMO. Changes in 

molecular orbitals energy and on molecular maps are subtle, but it is possible to observe a decrease in density 

in the phenyl rings caused by para substitution, affecting HOMO and LUMO for c-derivatives, but mainly for d-

type compounds. 

Besides that, molecular orbitals density can give some insight into excited states.34 The electron density 

analysis of compounds supports the existence of the proton transfer process in the excited state: HOMO of 

the enol tautomer predicts that the cyclic system formed by the intramolecular hydrogen bond has a binding 

character on hydroxyl oxygen and the sp2 nitrogen of the heterocycles, with a high electron density on 

hydroxyl oxygen.  

After the HOMO-LUMO transition of the enol tautomer, a decrease in the electron density in the hydroxyl 

oxygen atom is observed, which should directly influence the intramolecular hydrogen bonding. Then, the 

next step to evaluate the proton transfer is obtaining molecular orbitals for the keto tautomer (Figures SM8, 

SM12 and SM16). In this case, the geometries were optimized, but the N–H bond distance has been frozen 

because, as we have pointed out before, full optimizations conducted only to the enol tautomer. After 

tautomerization, LUMO for the ketone tautomer shows high electron density over the nitrogen atom and 

small electron density over the carbonyl oxygen atom; in fact, for 1a-d compounds there is no density at all 

over this oxygen atoms. When analyzing the ketone tautomer HOMO, a binding character and large electron 
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density are observed over the phenolic ring, especially involving atoms –OH···N–. These favor the return of the 

proton to the carbonyl oxygen atom, leading to the more stable ground state enol tautomer. 

 

Table 3. Atomic charges on phenyl oxygen (O) and on the nitrogen atom (N) of the heterocycles, derived from 

the electrostatic potential using ChelpG scheme for all the studied compounds in ground state, and charge 

difference (Δq) between O and N 

 Enol Keto 

N O Δq N O Δq 

1a* -0.42 -0.51 0.09 -0.21 -0.61 0.40 

1b -0.42 -0.47 0.05 -0.21 -0.60 0.39 

1c -0.52 -0.52 0.00 -0.27 -0.60 0.33 

1d -0.47 -0.47 0.00 -0.26 -0.60 0.34 

2a* -0.43 -0.50 0.07 -0.25 -0.57 0.32 

2b -0.41 -0.45 0.04 -0.26 -0.60 0.34 

2c -0.42 -0.49 0.07 -0.29 -0.60 0.31 

2d -0.48 -0.46 -0.02 -0.31 -0.60 0.29 

3a* -0.33 -0.49 0.16 -0.17 -0.58 0.41 

3b -0.33 -0.45 0.12 -0.15 -0.56 0.41 

3c -0.34 -0.49 0.15 -0.18 -0.58 0.40 

3d -0.47 -0.42 -0.05 -0.20 -0.57 0.37 

* data have been published before27 and are reported in this 

work only for comparison purposes 

 

As we have observed before27, atomic charges (Table 3) show that both the enolic and ketonic species 

present phenyl oxygen with a more negative charge than the nitrogen atom owned by all heterocycles. This 

contributes for a higher stability of the enol tautomer at the ground state when compared to the 

corresponding keto species. By adding tert-butyl substituents, especially in para position, charge differences 

tend to decrease, because tert-butyl injects charge on the conjugated system and N becomes more negative. 

This charge injection may also be responsible for the HOMO and HOMO–1 difference observed before. 

 

Excited state study 

To deepen the study of excited states, enol geometries were optimized also in the excited (S1) state. Structural 

properties regarding the hydrogen bond are presented in Table 4, and other bond lengths and angles 

presented in Tables SM4 to SM6. For all compounds 1–3, O–H bond length increases at the excited state and 

the distance of intramolecular hydrogen bond -H···N- decreases. Moreover, the angle –O–H···N– increases 

after photoexcitation. According to Hao and Yang34, the increase in the bonding angle of the atoms involved in 

intramolecular hydrogen bonding in the S1 state relative to S0 indicates that intramolecular hydrogen bonding 

has been strengthened. That is, the formation of the intramolecular hydrogen bond (–H···N–) and the 

decrease of the covalent character of the bond (O–H) throughout the –OH···N system favors the occurrence of 

ESIPT.34,35 The para-tert-butyl group increases the difference between ground and excited states, that is, 

hydrogen bond is strengthened in the excited state, observed only for the monosubstituted c-type and not for 

the disubstituted d-type. It is worth noting that this also occurs for the ortho-substituted 2b thiazole. 
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Table 4. Bond distances (dB) and angles involved on intermolecular hydrogen bonding in ground (S0) and 

excited (S1) states for the enol tautomer of the studied compounds 

 S0 S1 Difference S1–S0 

 

dB 

O–H 

(Å) 

dB 

N···H 

(Å) 

angle 

O–H···N 

(°) 

dB 

O–H 

(Å) 

dB 

N···H 

(Å) 

angle 

O–H···N 

(°) 

ΔdB 

O–H 

(Å) 

ΔdB 

N···H 

(Å) 

Δangle 

O–H···N 

(°) 

1a* 0.992 1.711 148.8 1.009 1.653 149.7 0.017 -0.058 0.9 

1b 0.995 1.684 150.6 1.008 1.639 151.1 0.013 -0.045 0.5 

1c 0.984 1.841 146.6 1.032 1.572 150.9 0.048 -0.269 4.3 

1d 0.988 1.783 149.0 1.011 1.578 152.0 0.023 -0.205 3.0 

2a* 0.986 1.765 147.0 1.005 1.692 148.9 0.019 -0.073 1.9 

2b 0.987 1.755 149.1 1.006 1.658 151.0 0.019 -0.097 1.9 

2c 0.986 1.764 146.9 1.039 1.545 151.4 0.053 -0.219 4.5 

2d 0.985 1.806 148.1 1.001 1.629 151.7 0.016 -0.177 3.6 

3a* 0.989 1.742 147.9 1.003 1.678 149.7 0.014 -0.064 1.8 

3b 0.993 1.686 150.2 1.046 1.492 153.9 0.053 -0.194 3.7 

3c 0.988 1.736 147.9 1.042 1.541 152.1 0.054 -0.195 4.2 

3d 0.987 1.778 148.4 1.007 1.610 152.4 0.020 -0.168 4.0 

* data have been published before27 and are reported in this work only for comparison 

purposes 

 

The vibrational stretching of the O–H mode involved in intramolecular hydrogen bonding in –O–H···N– 

may provide evidence of the strengthening or weakening of the intramolecular hydrogen bonding in the 

excited state. If by comparing the stretching signal of the O–H mode between the ground and excited states, it 

is found that in the excited state this stretching band has shifted to a lower energy region, the intramolecular 

hydrogen bond has been strengthened.36–39 The obtained data indicate that for all the studied compounds, 

hydrogen bonding in the excited state has intensified (Table 5), although there is no systematic variation on 

vibrational frequencies according to the substitution. It should be pointed out the dramatic effect that 

substitution by two tert-butyl groups has over the imidazole derivative. At the ground state, 1d has a band 

80 cm–1 higher energy stretching O–H bond compared to 1a. However, in the excited state this same 

stretching mode comes at an energy 610 cm–1 smaller for 1d than 1a. Thus, substitution at the ortho and para 

positions of 1 establishes a much more intensified hydrogen bond in the excited state, favoring ESIPT, than 

with the other two triphenylazoles. In the context of imidazoles, maybe the effect of these substitutions could 

be responsible, in part, for the efficiency of H+ migration even when it is coupled to an electron transfer 

reaction. 12,19,27,32,40 However, our current data cannot be used directly in such discussion. 
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Table 5. Vibrational stretching (in cm–1) of the O–H mode in the ground (S0) and excited (S1) states for the 

studied compounds 

 
ν(O–H)/cm–1 

S0 S1 Δν (S1–S0) 

1a 3230 2960 270 

1b 3165 2770 395 

1c 3210 2890 320 

1d 3310 2350 960 

2a 3350 3045 305 

2b 3325 3250 75 

2c 3352 3092 260 

2d 3380 3270 110 

3a 3290 3055 235 

3b 3185 2970 215 

3c 3275 3045 230 

3d 3330 3205 125 

 

Potential energy curves for proton transfer 

Potential energy curve plays an essential role in the photophysical study of molecular systems, being used to 

track the energy change along the reaction coordinate variation in the ground (S0) and excited (S1) states. In 

this study, the variation of the O–H bond distance is used as the reaction coordinate. TD-DFT/B3LYP is 

considered a sufficiently reliable approach to generate qualitative potential energy curves for proton transfer 

reactions, although it is not expected to be sufficiently accurate to produce the correct ordering of electronic 

states.34,41,42 

After analyzing the potential energy curves, Figures 3-5, it can be seen that the ESIPT mechanism can be 

described as: (i) in the ground state, the nitrogen atom attracts the acidic hydrogen from the phenolic ring 

forming a strong intramolecular hydrogen bond (–OH·· N), which gives the molecule great stability against 

other possible conformations; (ii) after photoexcitation, as LUMO analysis also indicated, ESIPT reaction can 

occur, i.e., hydroxyl group acts as a proton donor and the azole nitrogen acts as the acid hydrogen acceptor; 

(iii) after the formation of the keto tautomer in the excited state, the system vibrationally relaxes, 

fluorescence emission occurs, and (iv) keto is converted to enol tautomer, the most stable in ground state. 
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Figure 3. Potential energy curves for proton transfer calculated on ground (S0) and excited (S1) states for 

imidazole derivatives (1a: ∎; 1b: ●; 1c: ★; 1d: ♦). 

 

 
 

Figure 4. Potential energy curves for proton transfer calculated on ground (S0) and excited (S1) states for 

oxazole derivatives (2a: ∎; 2b: ●; 2c: ★; 2d: ♦). 
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Figure 5. Potential energy curves for proton transfer calculated on ground (S0) and excited (S1) states for 

thiazole derivatives (3a: ∎; 3b: ●; 3c: ★; 3d: ♦). 

 

A strong intramolecular hydrogen bond results in a closer approximation between the phenolic groups 

and the common azole nitrogen involved in this intramolecular interaction, lowering the energy barrier 

between the excited enolic and ketonic tautomers facilitating the ESIPT, as already shown elsewhere.4,27 This 

trend was also observed here (Figures 3 to 5): the derivatives with the electron-donating tert-butyl groups 

showed the strengthening of intramolecular hydrogen bonding in the excited state, leading to the lowering of 

the already low proton transfer barrier. Hao and Yang34 obtained barriers around 4 to 5 kcal mol–1 for some 

benzoxazole derivatives; here, ESIPT for the derivatives 1–3 seem barrierless. The S1 curves for all substituted 

derivatives (b to d-types) are always lower than that obtained for the non-substituted compound (a-type 

structures), mainly for ortho-substituted compounds (b and d-type). Thus, even at a small extent, substitution 

by the alkyl group places the excited states involved with proton transfer at smaller energies. 

 

 

Conclusions 
 

ESIPT on triphenyl-substituted heterocyclic (imidazole, oxazole and thiazole) tert-butyl derivatives have the 

enolic species as the most stable tautomer in the ground state (S0) and ketonic species as the most stable in 

the excited state (S1). In S1, the enol forms exhibit longer -O-H and shorter -OH ···N distances indicating 

stronger excited state Hydrogen bonds.  

The electron-donating ability of tert-butyl on 2-phenyl, extended to the conjugated system, enhances the 

stability of the enol form, especially for the imidazole derivative. More evident electron donor patterns are 

observed for the para substituted derivatives. Ortho only substitutions favor closed conformations due to 

sterical clash. Interestingly, the opposite pattern is observed for the excited state when compared to ground 

state, where tert-butyl substitution results in smaller HOMO-LUMO energy gaps and stronger hydrogen bonds. 
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The main transition in the electronic absorption spectra has strong HOMO-LUMO character. The analysis of 

the electronic densities at the HOMO and LUMO showed some characteristics of how these energy levels 

behave for the ESIPT process to occur. In HOMO, there is the participation of the phenolic oxygen atom, 

however in LUMO, the electron density on this atom decreases, which should favor the ESIPT. At this point, 

LUMO of keto tautomers, especially for imidazole derivatives, is more affected by the presence of the 

substituent. To complete all these observations, we have analyzed potential energy curves, which indicate that 

whereas in the ground state there would be an energy barrier for proton transfer from enol to keto form, in 

the excited state this process is nearly barrierless for tert-butyl substituted compounds. This phenomenon 

may have implications for other proton-migrating mechanisms involving hydroxylated triphenylazoles 

containing tert-butyl groups. 

 

 

Experimental Section 
 

Systems involving hydrogen bonding and proton transfer in the excited state have been successfully studied 

with the Density Functional Theory (DFT). In the work of Ramalho et al.19, some functionals were tested and 

B3LYP was the most adequate functional employed in the study of an amino-naphthoquinone derivative 

capable of performing ESIPT. Also, previous studies demonstrated that the functional B3LYP is very reliable for 

obtaining the potential energy curves in the ground and excited states (see, for example, references 
4,19,49,50,24,27,43–48). 

So, in this work, DFT and TD-DFT were employed to obtain all the structure and electronic properties for 

tert-butyl derivatives of hydroxylated triphenylimidazole (1), triphenyloxazole (2), and triphenylthiazole (3), all 

in ground and excited states, with B3LYP functional and 6-31G(2d,2p) basis set. All calculations employed the 

ORCA program, version 3.0.3.51 All structures presented in this work were fully optimized, so we have found 

closed (enol), open and rotamer conformations. To ensure these structures are in a minimum, we have 

performed frequency calculations. Ketone tautomers in ground state were obtained by freezing the N–H bond 

length. Atomic charges derived from the electrostatic potential were calculated using ChelpG scheme. TD-DFT 

calculations were performed considering 40 singlet states to obtain the electronic absorption spectra, as well 

as, frontier molecular orbital energies to optimize the geometries in the excited state. 

Potential energy curves were constructed based on scan calculations: it started using optimized enol 

structure and the elongation of O–H bond distance (the selected reaction coordinate) is done within 25 steps 

until the formation of the keto tautomer. At each step, all the other atoms are relaxed. It should be noted, 

however, that the transition state was not characterized. Thus, the curves obtained from the scan are only 

reaction barrier estimates. At each step, the geometry of the ground state molecule was optimized and then 

the energies of the ground and excited state systems were calculated as a vertical transition. 
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Atomic numbering scheme adopted along the text, optimized structures in open, closed (enol), keto and 

rotamer forms, bond distances and angles obtained for the studied compounds in ground (S0) and excited (S1) 

states, and molecular orbitals. 
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