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Experimental and theoretical investigation of long-wavelength
fluorescence emission in push-pull benzazoles: intramolecular
proton transfer or charge transfer in the excited state?

Guilherme Wiethaus,? Josene Maria Toldo,” Fabiano da Silveira Santos,? Rodrigo da Costa Duarte,?
Paulo Fernando Bruno Gongcalves*® and Fabiano Severo Rodembusch*?

This study presents the synthesis, characterisation and theoretical calculations of compounds that contain electron donor
and withdrawing groups connected through a m-conjugated benzazolic structure. The compounds in solution show an
absorption maxima in the UV-visible spectrum (380-390 nm) due to spin and symmetry allowed electronic 'nnt* with no clear
evidence for charge transfer in either compound in the ground state. A fluorescence emission located in the violet-blue-
green region, tailored by the solvent polarity, with a large Stokes shift was observed. Taking the long-wavelength emission
into account, the Lippert-Mataga plot indicates a positive solvatochromism in the solvent polarity function (Af) range 0.02-
0.20, related to the occurrence of an ICT mechanism in the excited state. At Af greater than 0.20, the polarity of the medium
seems no longer to increase the stabilization of the compounds, reaching a plateau. Time-dependent density functional
formalism (TD-DFT) and resolution-identity second-order approximate coupled-cluster (RI-CC2) calculations were also used
for better understand the excited state of these compounds. The results indicated that ESIPT is disfavoured in the
compounds, mainly in polar solvents, and the emission wavelengths were primarily associated with ICT. In summary, in these

push-pull compounds, the electron donating and withdrawing groups do not favour the ESIPT process.

Introduction

Intra or intermolecular proton transfer reactions are one of the
most fundamental and important processes in chemistry and
biology. Excited state intramolecular proton transfer (ESIPT)
was first observed in salicylic acid, as reported by Weller.12
Since then, a large number of dyes that present ESIPT have been
developed and investigated.3> Among them, the benzazoles
should be highlighted due to the versatility of the benzazolic
ring functionalisation as well as their high thermal and
photochemical stability.3 These characteristics, combined with
large Stokes shift, allow envisaging several applications for
these compounds in the optical sensing and emissive materials
domains. 416

Fig. 1 presents the typical ESIPT process for a benzazole dye.
The process starts with UV light absorption by the enol-cis
conformer (N, left), which in nonpolar or aprotic media is more
stable than the enol-open form (N, right).17.18 After vertical
excitation, the locally excited enol-cis conformer is quickly
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converted to the excited keto tautomer (K*) through an
intramolecular proton transfer. The K* tautomer is usually more
stable in the excited state than these locally excited conformers
(N*) and it is the specie responsible for shifting the fluorescence
emission band to longer wavelengths. After excited state
deactivation, the initial enol form is regenerated without any
photochemical change.!® In many cases, the proton transfer is
an ultrafast process that occurs at the sub-picosecond scale!8-2>
even at low temperatures.*

The existence of additional conformers, other than the enol-
cis can be directly related to the polarity of the medium. The
ESIPT dynamics can compete with solvent polarisation effects.
In polar protic solvents, for example, intermolecular hydrogen
bonding with the solvent can originate the enol-open
conformer (Fig. 1, right) inhibiting ESIPT. Thus, the emission
spectra show a band originated from the locally excited
conformer (so-called normal emission), at shorter wavelengths,
with a small Stokes shift (Fig. 1, top).3?® However,
intermolecular hydrogen bonding with the solvent can play a
role of a “proton-relay”, where the solvent molecules assist
ESIPT.23
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Fig. 1 Forster cycle for the ESIPT process for the 2-(2'-hydroxyphenyl)benzoxazole
skeleton. The diagram presents the enol-cis (left), keto tautomer (middle) and
enol-open in polar protic solvent (methanol) (right). N and K are related to the
normal (enol) and tautomeric (keto) form, respectively. (Adapted from reference
3).

Photoinduced proton transfer can also be affected by the
intramolecular charge transfer (ICT). In this case, the
competition with the solvent can lead to longer emission
wavelengths related to both ESIPT and ICT separately (in a
stepwise manner) or coupled (simultaneous manner). The
presence of a charge transfer state can be responsible for the
strong solvatochromism observed in the fluorescence emission
spectra of benzazole dyes.?”28 Furthermore, the nature and
position of the substituent groups attached to the benzazole
core can strongly affect the ICT and ESIPT dynamics, modulating
the ESIPT rate ratio.?%30 Different substituent groups give rise to
different conjugations with the benzazole ring, changing the
electronic distribution of the excited state?! and, consequently,
their spectroscopic properties.3%32 Depending on the position of
the electron-donor (EDG) or electron-acceptor (EWG) groups
attached to the phenyl rings (Fig. 2), a proton transfer can either
follow ESIPT or precede it. However, if these events occur at
about the same rates, the distinction between both
mechanisms is not possible in most of the cases and they are
considered as coupled. Several studies deal with the influence
of the functional groups attached to the benzazole core in
ESIPT.23243334 Generally, benzazole derivatives that contain
and EWG at position 6 (see Fig. 2) show ESIPT followed by ICT
from the keto tautomer.27.303536 QOn the other hand, in
compounds that present an EDG at the same position, ICT
occurs prior to ESIPT.243437.38 |f the position of the substituent
group changes, ESIPT and ICT dynamics are affected. For
example, changing the —NH, substituent from the 6- to the 5-
position hastens ICT and disfavours ESIPT due to intermolecular
interactions with the solvent.?3

In compounds that contain an EDG at the 4' position (see Fig.
2), the charge transfer must occur prior to proton transfer,
because the acidity of the hydroxyl group is significantly
reduced. In this case, ESIPT is still subject to a barrier induced
by the solvent polarity, which can control the dynamics of the
process. Increasing solvent polarity should stabilise the charge
transfer states rather than induce ESIPT process.33° Thus, the
ICT rate is mainly determined by solvent polarity. Therefore,
compounds where ESIPT occurs before charge transfer are of
great interest, since they must be independent of the relaxation

2 | Phys. Chem. Chem. Phys., 2019, 00, 1-3

effects afforded by the solvent. EDGs conjugated with the
phenolic hydroxyl group can be strategicallyinssrtedinte1the
benzazolic core to allow proton transfer coupled to electron
transfer. Although the azolic nitrogen presents a negligible
effect on electron transfer, once the proton is transferred, the
generated anion becomes a strong EDG that can transfer charge
to the EWG via 1t conjugation.3

Fig. 2 Chemical structure of the push-pull benzazoles 3a (X=NH) and 3b (X=0).
Carbon atoms are indicated by red numbers. Abbreviations: EWG, electron-
withdrawing group; EDG, electron-donor group.

Based on the interesting photophysical properties of these
compounds, this paper reports the synthesis, photophysics and
theoretical study of two new benzazole derivatives that
simultaneously contain an EDG and EWG at positions 4' and 6,
respectively (Fig. 2). In order to better understand the influence
of ICT states on ESIPT, time-dependent density functional
theory (TD-DFT) was used and two functionals, PBE1PBE3® and
CAM-B3LYP,%° were evaluated against the resolution-identity
second-order approximate coupled-cluster (RI-CC2) method
and experimental results. The report on the push-pull effects
and the solvent-dependent transition of ICT and the ESIPT
emissive states can provide key insights into the intricate
environmentally controlled interplay between electronic
driving force (ICT) and molecular geometrical stabilities (ESIPT).
Our findings could be used to better design new proton-transfer
dyes.

Experimental
Materials and methods

All reagents and solvents were purchased from commercial
suppliers and used without further purification. The solvents
were dried and distilled before use based on procedures
detailed in the literature.*! Spectroscopic grade solvents were
used for fluorescence and ultraviolet-visible spectrum (UV-Vis)
measurements. Elemental analyses were performed with a
Perkin-ElImer model 2400. Melting points were measured with
a Gehaka PF 1000 apparatus and are uncorrected. Infrared
spectra were recorded on a Mattson Galaxy Series FT-IR3000
model 3020 or Varian 640-IR FTIR. *H and 13C nuclear magnetic
resonance (NMR) spectra were performed on a VARIAN INOVA
YH300 using tetramethylsilane (TMS) as the internal standard
and dimethyl sulfoxide (DMSO-ds) (Sigma-Aldrich) as the
solvent at room temperature. The chemical shifts (3) are
reported in parts per million (ppm) relative to TMS (0.00 ppm),
and the coupling constants (J) are reported in hertz (Hz). High
resolution mass spectrometry was recorded with electrospray
ionization (HRMS-ESI) data in the positive mode using a Q-TOF-
MS Bruker Impact Il. UV-Vis absorption spectra were obtained
with a Shimadzu UV-2450 spectrophotometer. Steady state
fluorescence spectra were measured with a Shimadzu
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spectrofluorometer (model RF-5301PC). All experiments were
performed at room temperature (25°C). The quantum yield of
fluorescence (QY) was measured at 25°C using spectroscopic
grade solvents within solutions with absorbance intensity lower
than 0.05 (optical dilute methodology). Quinine sulfate (Riedel)
in 1 N H,SO4 was used as the QY standard.*?

Synthesis

The ESIPT (3a-b) and non-ESIPT (3c-d) benzazoles were
synthesised from an adapted synthetic methodology previously

described in the literature (Scheme 1).3243
R
J@E % b 2 TN
+ HO,C 2 NH,
H ice X

(i) NaHCO3 OaN
(1a) X=NH, (2a) R=0OH (3a) X=NH, R=OH
(1b) X=OH (2b) R=H (3b) X=0, R=0OH
(3¢) X=NH, R=H
(3d) X=0, R=H

Scheme 1 Synthetic route for obtaining benzazoles 3a-d.

The benzazole derivatives (3a-d) were synthesised by
reaction of 1.0 g (6.59 mmol) of the respective nitroaniline (1a-
b) with 1.0 g (6.59 mmol) of 4-aminosalicylic acid (2a) or 1.0 g
(7.29 mmol) of 4-aminobenzoic acid (2b) in 20 ml of
polyphosphoric acid (PPA). To better solubilise the reagents into
the solvent, the PPA was previously heated to 60°C under
vigorous stirring. Then, the reaction mixture was heated under
an N, atmosphere at 60°C for 1 h, 120°C for 2h and, finally,
180°C for more 2 h. The reaction mixture was poured into
crushed ice, with stirring, and neutralised with NaHCO; (10%).
The dark precipitate obtained was filtered, washed with water
(3 x 20 mL) and dried at room temperature. A previous
purification was performed using a Soxhlet extractor with
acetone as the solvent. The solvent was removed under
reduced pressure, and the obtained solid was purified by
column chromatography on silica gel 60 (0.063-0.200 mm) using
CH,Cl,/acetone (92:8) (for 3a), acetone (for 3b), CHCl3/acetone
(10:1) (for 3c) and CHCls/acetone (20:1) (for 3d) as the eluents.

2-(4’-Amino-2’-hydroxyphenyl)-6-nitrobenzimidazole (3a). Pale
orange solid. Yield: 28%. 'H NMR (300 MHz, DMSO-ds, 6 ppm)
13.07 (broad s, 1H, OH); 12.27 (broad s, 1H, NH); 8.35 (s, 1H,
H7); 8.08 (dd, 1H, H5, J,=1.8 Hz, J,=8.7 Hz); 7.72 (d, 1H, HE’,
J,=8.7 Hz); 7.65 (d, 1H, H4, J,=8.7 Hz); 6.25 (d, 1H, H5’, J.,=1.5
Hz, J,=8.4 Hz); 6.17 (d, 1H, H3’, J,,=1.5 Hz); 5.99 (s, 2H, NH,). 13C
NMR (75 MHz, DMSO-ds, & ppm) 160.4, 154.0, 128.7, 118.3,
107.1, 100.8, 100.2. FTIR (KBr, v=cm™) 3481, 3393, 3273, 3242,
1650, 1422, 1520, 1334. Anal. calcd. for Ci3H1oN,Os (270.24
g-mol™1): C 57.78; H 3.73; N 20.73. Found: C 58.21; H 3.73; N
20.01. HRMS-ESI [M+H]* calcd for [CisHq1;N4Os]*: 271.0831,
found 271.0826.

2-(4’-Amino-2’-hydroxyphenyl)-6-nitrobenzoxazole (3b).
Orange solid. Yield: 36%. 'H NMR (300 MHz, DMSO-ds, & ppm)
10.89 (s, 1H, OH); 8.59 (d, 1H, H7, J,=1.8 Hz); 8.27 (dd, 1H, H5,
Jw=2.1 Hz, J,=8.4 Hz); 7.83 (d, 1H, H4, J,=8.7 Hz); 7.68 (d, 1H,
H6’, J,=8.7 Hz); 6.38 (s, 2H, NH,); 6.32 (d, 1H, Hg, J,=2.1 Hz,

This journal is © The Royal Society of Chemistry 2019
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J,=8.7 Hz); 6.18 (d, 1H, H3’, J,=2.1 Hz). 13C NMR, (75.MHz,
DMSO-ds, & ppm) 168.1, 160.9, 156.3,00482101%65%,PAFE
129.7, 121.6 117.9, 108.2, 107.0, 99.0, 97.4. FTIR (KBr, v=cm'1)
3481, 3383, 3233, 1636, 1439, 3123, 1502. Anal. calcd. for
C13HoN30, (271.23 g-mol-Y): C 57.57; H 3.34; N 15.49. Found: C
57.72; H 3.49; N 14.62. HRMS-ESI [M+H]* caled for
[C13H10N304]*: 272.0671, found 272.0666.

2-(4’-Aminophenyl)-6-nitrobenzimidazol (3c). Yield: 10%. FTIR
(KBr, v=cm) 3481, 3383, 3233, 1636, 1439, 3123, 1502 and
1323. 'H NMR (300 MHz, DMSO-ds, & ppm) 10.89 (s, 1H, OH);
8.59 (d, 1H, H7, J,=1.8 Hz); 8.27 (dd, 1H, H5, J,=2.1 Hz, J,=8.4
Hz); 7.83 (d, 1H, H4, J,=8.7 Hz); 7.68 (d, 1H, H6’, J,=8.7 Hz); 6.38
(s, 2H, NH,); 6.32 (d, 1H, H5’, J,=2.1 Hz, J,=8.7 Hz); 6.18 (d, 1H,
H3’, J»=2.1 Hz). Anal. calcd. for C13H;0N40; (254.24 g-mol1): C
61.41; H 3.96; N 22.04. Found: C 60.89; H 3.77; N 21.70. HRMS-
ESI [M+H]* calcd for [C13H13N405,]*: 255.0882, found 255.0877.

2-(4’-Aminophenyl)-6-nitrobenzoxazol (3d). Yield: 8%. FTIR
(KBr, v=cm) 3468, 3358, 3328, 1640, 1436, 3115, 1515 and
1339. 'H NMR (300 MHz, DMSO-ds, 8 ppm) 8.54 (d, 1H, H7,
Jm=2.1 Hz); 8.24 (dd, 1H, H5, J,=2.1 Hz and J,=8.7 Hz); 7.90 (dd,
2H, H2’ and H6’, J,=8.7 Hz); 7.80 (d, 1H, H4, J,=8.7 Hz); 6.72 (dd,
2H, H3’ and H5’, J,=8.7 Hz); 6.29 (s, 2H, NH,). Anal. calcd. for
C13HsN30; (255.23 g-mol2): C 61.18; H 3.55; N 16.46. Found: C
60.66; H 3.02; N 15.88. HRMS-ESI [M+H]* calcd for
[C13H10N305]*: 256.0722, found 256.0717.

Theoretical calculations

Theoretical studies of ESIPT in large systems are
computationally expensive to employ high-level ab initio
calculations. Thus, due to its cost-benefit, many publications
adopt time-dependent density functional theory (TD-
DFT).8:2436-38,44-46  Additionally, studies using RI-CC2,19.22:47.48
multireference methods*®2 and semi-classical dynamics are
also reported.18224853 The ground electronic state and first
excited state equilibrium geometries were obtained by
optimising the geometries using PBE1PBE and CAM-B3LYP
functionals together with cc-pVDZ basis set. Subsequently,
single-point TD-DFT calculations were performed using both
functionals but larger basis set (jun-cc-pVTZ) in order to obtain
the vertical absorption, vertical emission, and population
analysis.!® The jun- type basis set, named calendar basis set, is
recommended by Truhlar et al. as a good alternative to the
highly costly augmented (aug) basis sets because of its
performance versus cost.>* The calendar basis set is constructed
by removing diffuse functions from the aug basis sets. All
equilibrium geometries were confirmed by vibrational analysis,
having no imaginary frequencies. Solvent effects were included
in all cases by the integral equations formalism of the
polarisable continuum model (IEF-PCM).’> The solvents
considered were 1,4-dioxane, dichloromethane, ethanol and
acetonitrile. The electrostatic potential surfaces in the ground
and excited states, atomic charges, and dipole moment were
obtained by population analysis using Charges from
Electrostatic Potential using a Grid-based method (ChelpG).2°
Relaxed scans for the proton transfer coordinate between enol
and keto tautomers were done at the first excited state
potential energy surface for 3a and 3b. To further evaluate the
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proton transfer in these compounds, relaxed scans for 2-2’-
hydroxyphenylbenzoxazole (HBO) in the S; state were also
performed. For these calculations, the geometries were
optimised by increasing the O—H bond distance by 0.05 A for
each step using the CAM-B3LYP/cc-pVDZ level of theory and IEF-
PCM/1,4-dioxane as the implicit solvent. The calculations were
carried out using Gaussian 09 Revision D.01. RI-CC2 is suitable
to provide benchmark results for TD-DFT calculations®*>¢ and
was used for comparison with the results obtained by using
PBE1PBE and CAM-B3LYP functionals. RI-CC2 single point
calculations in the gas phase at the optimised TD-DFT
geometries were performed by employing the aug-cc-pVDZ
basis using Turbomole 7.0 package.>?

Results and discussion
UV-Vis absorption

The normalised absorption spectra of benzazoles 3a and 3b are
shown in Fig. 3, and the relevant data calculated from UV-Vis
absorption spectroscopy are presented in Table 1.

1.4-Uloxane
— Dichloromethane
—— Ethanol

—— Acetonitrile

= = HBI

——1.4-Dioxane
—— Dichloromethane
— Ethanol

— Acetonitrile

- - HBO

Normalised absorbance
Normalised absorbance

@ | \N

T T T T T |
250 300 350 400 450 500 550
Wavelength (nm)

250 300 350 400 450 500 550
Wavelength (nm)

—— 1,4-Dioxane (3c)
= = Acetonitrile (3c)
—— 1,4-Dioxane (3d)
| =~ Acetonitrile (3d)

Normalised absorbance

T T T T T 1
250 300 350 400 450 500 550
Wavelength (nm)

Fig. 3 Normalised UV-Vis absorption spectra in solution for benzazoles (a) 3a, (b)
3b and (c) non-ESIPT benzazoles 3c-d at 10> M. For comparison, the respective
benzazoles without the EWG and EDG groups, 2-2’-hydroxyphenyl)benzimidazole,
(HBI) and 2-2’-hydroxyphenylbenzoxazole (HBO), are also presented in
dichloromethane.

The push-pull benzazole 3a presented absorption maxima
located around 375 nm. A small solvatochromic effect (A\,ps 7
nm) was observed, indicating an almost absent of charge
transfer character in the ground state. Compound 3b presented
absorption maxima located around 385 nm and a slightly higher
solvatochromic effect (AA.p,s 11 nm). In all the solvents, the
oxygenated derivative 3b presented a red shifted absorption
compared to the nitrogenated analogue 3a. The observed
redshift values for the absorption maxima in ethanol are
probably due to specific solvent-solute interaction, such as

4 | Phys. Chem. Chem. Phys., 2019, 00, 1-3

Table 1 Relevant photophysical data of the UV-Vis absorption spestracwhere
Aabs is the absorption maxima (nm), € is the molar dbSdorpbivity ecesficierst e
M-.cm), f, is the calculated oscillator strength, k.° is the calculated radiative
rate constant (102 s*) and 1° is the calculated pure radiative lifetime (in ns).

Benzazole Solvent Nabs [ fe k.° 1°
1,4-Dioxane 378 2.17 0.46 3.21 3.11
Dichloromethane 373 1.18 0.20 1.47 6.82

3a Ethanol 380 1.68 034 236 4.24
Acetonitrile 377 170 034 243 412
1,4-Dioxane 386 336 0.63 425 235

3b Dichloromethane 383 526 091 6.20 1.61
Ethanol 394 361 074 474 211
Acetonitrile 386 2.15 042 281 3.56

3¢ 1,4-Dioxane 370 1.88 0.32 231 433
Acetonitrile 370 1.71 0.34 246 4.07

3d 1,4-Dioxane 374 2,63 048 346 2.89
Acetonitrile 376 3.00 0.61 434 231

hydrogen bonding.>®8 When compared to their analogues
benzazolic molecules without the EWG (nitro) and EDG (amino)
groups, the so-called HBI and HBO, both compounds present
redshifted bands (around 60 nm) in dichloromethane, as
expected.>® The simultaneous presence of the amino group in
the 4' position and the nitro group at the 6 position lead to the
extension of the chromophore through the benzazolic core and,
consequently, to a pronounced bathochromic shift in the
absorption
chromophore extension is not possible when the EWG and EDG
groups are attached at different positions.30

In order to better understand the photophysical behavior in
the ground state of the studied compounds 3a and 3b, the non-
ESIPT benzazoles (3c and 3d) were also evaluated via UV-Vis
absorption spectroscopy in solution using 1,4-dioxane and

spectra. It is worth mentioning that the

acetonitrile as solvents (Fig. 3 and Table 1). These compounds
present similar chemical structures to 3a and 3b but without the
hydroxyl group at position 2' and show absorption maxima
located around 370 nm and 375 nm, respectively with absent
solvatochromic effect, indicating that the auxochrome group
hydroxyl plays an important role on the  conjugation of these
compounds, as expected.

From the UV-Vis absorption spectra, oscillator strengths (fe),
radiative rate constants for emission (k.), which is the
probability of emission of photons per time unit, as well as pure
radiative lifetimes (t°) were calculated. The first one, fo, was
calculated by applying the Strickler-Berg equation (Equation
1).60

fe=4.32 x 10 °[e(D)dp, (1)

where the integral is the area under the absorption spectra
curves from plotting the molar absorptivity coefficient &€ (M-
1.cm) against wavenumber 7 in (cm™). k° can be obtained in
a similar way, using Equation (2).

k2 ~ 2.88x10 °v3[e(v)dv, (2)

where Vo is the wavenumber corresponding to the maximum
absorption wavelength. The pure radiative lifetime, 19 is
defined as 1/k.0.51

The high values obtained for ¢ (~10* M*-cm, Table 1), as
well as the calculated radiative rate constant (k.%) can be related

This journal is © The Royal Society of Chemistry 2019
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to t* transitions for he studied benzazoles 3a-d. The f, values
obtained from the experiments also corroborate with lmm*
electronic dipole-allowed transitions since they are comparable
to the expected ones for the 'nnt* transitions (fe=103-1).52 The
calculated t° values indicate that after absorption of radiation,
these benzazoles populate the same excited state.

Fluorescence emission

The normalised fluorescence emission spectra of compounds 3a
and 3b are presented in Fig. 4. The emission curves were
obtained by exciting the compounds at the respective
absorption maxima wavelength. The relevant data from the
fluorescence emission spectroscopy are summarised in Table 2.

Physical.Chemistry Chemical Physics

Table 2 Relevant photophysical data of the fluorescence emissignspesira
where A, is the emission maxima (nm), Al is th® Stiok&s1sH et/ (cha ) Cairidh €%
is the fluorescence QY.

Benzazole  Solvent Aem Ahst D
1,4-Dioxane 497 6335 0.009
3a Dichloromethane 444 4288 0.007
Ethanol 443 3742 0.008
Acetonitrile 449/563 4254/8764  0.005
1,4-Dioxane 505 6105 0.100
3b Dichloromethane 564 8343 0.018
Ethanol 516 6001 0.073
Acetonitrile 434/571 2865/8393 0.010
3¢ 1,4-Dioxane 505 7226 0.027
Acetonitrile 424/576 3443/9666  0.001
3d 1,4-Dioxane 504 6896 0.059
Acetonitrile 414/556 2441/8610 0.001
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Fig. 4 Normalised emission spectra in solution for benzazoles (a) 3a, (b) 3b and (c)
non-ESIPT benzazoles 3c-d at 10> M. For comparison, the respective benzazoles
without the EWG and EDG groups, 2-2’-hydroxyphenyl)benzimidazole, (HBI) and
2-2’-hydroxyphenylbenzoxazole (HBO), are also presented in dichloromethane.

Benzazole 3a presented emission maxima located in the
blue-green region (441-497 nm). However, unexpectedly, a
redshift higher than 50 nm was observed using 1,4-dioxane. In
this solvent, considering the full width at the half maximum
(FWHM) of the emission band (FWHM=119.0 in 1,4-dioxane and
62.6 in dichloromethane) and the location of the observed
shoulder (~450 nm), we could assign the emission peak to: (i)
both locally excited (LE) and ICT contributions or (ii) locally
excited (LE) and ICT coupled to ESIPT process. In both
propositions, the locally excited (LE) emission band can be
related to the observed shoulder around 450 nm, since there is
no influence of the solvent polarity on this location (see Fig.
$12). The emission maximum can be related to an ICT character,
observed by the redshift from 500 nm up to 550 nm (see Fig.
S12) increasing the medium polarity. However, the second
explanation, ICT coupled to ESIPT process, cannot be discarded
since the main emission band, despite the observed redshift,
presents a decrease on its intensity increasing the

This journal is © The Royal Society of Chemistry 2019

medium polarity. It is worth mentioning that the parent
compound 3c show a quite similar photophysics in 1,4-dioxane,
with a main emission band located above 500 nm, but a FWHM
below 90 nm (Fig. 4). Since, this compound is not able to ESIPT
due to the absence of the hydroxyl moiety, and the half
maximum (FWHM) of the emission band is significantly smaller
than those observed for 3a in the same solvent, its believed that
the second proposition, ICT coupled to ESIPT process, are
probably taking place in the excited state for this compound in
such solvent.

It is therefore difficult to assign from the experimental
results, the emitting species definitively in this case, as already
observed for different proton-transfer compounds.®3 Although
HBO presented emission maxima in the same range of 3a (Fig. 4
top, dashed line) it is worth mentioning that different
photophysical behaviour takes place for these two compounds.
It is well known that HBO presents ESIPT, and therefore its
emission is attributed to the keto tautomer, with a Stokes shift
greater than 9000 cm™.>

Compound 3b presented emission maxima above 500 nm,
redshifted compared to 3a. Despite the emission value in
ethanol, which was strongly affected by the solvent-
fluorophore hydrogen bonding, 3b presents a redshift on the
maxima location for the long-wavelength emission as solvent
polarity increased. In 1,4-dioxane, due to the maxima location
and Stokes shift value, it seems that the same explanation
proposed to 3a can be used for this compound. In acetonitrile,
compound 3a presented dual fluorescence emission. A main
emission band located at 449 nm and a less intense redshifted
band located at 563 nm, a quite similar behaviour to that
observed for the non-ESIPT analogue 3d (Fig. 4). In this way, it
is believed that the dual fluorescence emission can related to
locally excited (short wavelength) and ICT (long wavelength)
character. Compound 3b also presents in acetonitrile a dual
fluorescence emission with maxima located at 434 nm and 571
nm. The character of the long-wavelength was properly
answered also regarding the 3d, that is not able to ESIPT, where
dual fluorescence emission was clearly observed located at 414
nm and 556 nm. This result strong indicates that in this solvent,
3b also presents a locally excited (LE) and ICT contributions.

Lippert-Mataga correlation and NLO properties
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In order to better correlate the observed differences on the
calculated Stokes shift with ICT or ESIPT in 3a and 3b, the
solvent polarity plot function was obtained (Fig. 5).%* Here, the
differences in the dipole moment between the excited and
ground states were calculated by applying the Lippert-Mataga
relation (Equation 3):%4

_ 205,
AV = —5Af + constant (3)

In this equation, h is the Planck's constant, c is the speed of
light, a is the Onsager cavity radius and A,Ltgg is the difference in
the dipole moment between the excited and ground states for
the studied compounds. In the Lippert-Mataga relation, the
solvent polarity function (Af) can be obtained from Equation
(4)[58,60

(e—1) (n?-1)
A =G+ @ivn (4)

where the dielectric constant (&) and the refractive index (n) for
a mixture of solvents can be calculated by the following
equations:®8

Emix =fa €at+fp €s (5)
Nhix = f4ni + fng (6)

In Equations (5) and (6), f4 and fz are the volumetric fractions of
the two solvents. A linear plot of the absorbance, fluorescence
emission or Stokes shift versus the solvent polarity function
indicates the internal charge transfer character.®> By applying
the Lippert-Mataga correlation, there was no clear evidence for
charge transfer in either compound in the ground state (Fig. 5a).
The original spectra can be seen in Fig. S11.
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Fig. 5 Solvent effects on the spectral position of 3a and 3b taking the (a)
absorption, (b) emission and (c) Stokes shift into account.

Even though the variation is small, compound 3b was more
destabilised in more polar environments than the nitrogen

6 | Phys. Chem. Chem. Phys., 2019, 00, 1-3

analogue (3a). On the other hand, in the excited, state,cand
taking the longer emission wavelength®@b8v& SO0 APRSIARY
account (see Fig. S12), it was observed a positive
solvatochromism. The fluorescence maxima against Af in the
0.02—0.20 range presented a linear correlation (R>=0.99 and
0.98 for 3a and 3b, respectively), a finding which corroborates
the occurrence of an ICT mechanism in the excited state, as
already observed for similar structures.?2427:36 Additionally, in
more polar media, with an solvent polarity function greater
than 0.20, the emission maxima location no longer redshifted
but maintained the large Stokes shift. A possible explanation
could be that the polarity medium seems no longer to increase
the stabilization of the compounds, reaching a limit.

Nonlinear optics (NLO) is concerned with how the
electromagnetic field of a light wave interacts with the
electromagnetic fields of matter and other light waves.®® Sohn
et al. affirms that the interaction of light with a NLO material
will causes changes in its properties where the next photon will
experience a structure with different properties. In these
materials, strong interactions can disturb the frequency, phase,
polarisation, or path of the incident light. In this sense, it is
worth investigating the NLO properties of 3a and 3b in order to
understand how matter, and specifically the electronic charge
density in matter, interacts with light.%¢ It was obtained NLO
properties by applying the solvatochromic method;%7-68
compounds 3a and 3b presented high first hyperpolarisabilities
(A achieved by Hyper-Rayleigh Scattering.3243 In this
methodology, the first polarisability (o) and first order
hyperpolarisability (fw) were determined from the ground
state data, as summarised in Tables 3 and 4. The linear
polarisability ayy (in cm3) was calculated according to Equation
(7):6°

Hbe
Axx = 25756 ’ (7)
where Eg is the energy difference from the ground to excited
state charge transfer transition, in erg.”%72 In this equation, Kge
is the experimental transition dipole moment given by Equation
(8), where f is the oscillator strength and 7is absorption
wavenumber, in cm™.69

f
Hge = 47016 x 1075 (8)

Compound 3a presented higher values to the experimental
transition dipole moment (L) if compared to the analogue 3b
(Table 3). Further, both compounds showed similar values for
the energies of ground to excited state charge transfer
transition (Ege). The linear polarisability a, values ranged from
0.61x10723 to 2.89x1023 cm3. Compound 3a presented lower oy
values compared to 3b, as already observed for the
benzimidazole derivative when compared to benzoxazole
one.3243 In this sense, it is believed that in the presence of an
external electromagnetic field, 3b will produce a more intense
displacement of the electron density away from the nucleus, a
phenomenon that would result in a charge separation (induced
dipole).6®

This journal is © The Royal Society of Chemistry 2019
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Table 3 Table of constants, where L4 is the experimental transition dipole
moment (in Debye), Eg is the energy of ground to excited state charge
transfer transition (102 erg) and o is the linear polarizability (102 cm3).

Benzazole Solvent e Ege Olxx
1,4-Dioxane 6.08 5.26 1.41

3 Dichloromethane 4.02 5.33 0.61

2 Ethanol 5.25 5.23 1.05
Acetonitrile 5.26 5.27 1.05

1,4-Dioxane 7.21 5.15 2.02

3b Dichloromethane 8.64 5.17 2.89
Ethanol 7.86 5.04 2.45

Acetonitrile 5.86 5.15 1.34

It was applied Equation (9) in order to compute first order
hyperpolarisability (Bu).”> The obtained values are summarised
in Table 4.

Uge
Brxx = 65723A#eg: )

where Uge is the transition dipole moment (in esu-cm), Ege is
the energy of the transition from the ground to the excited state
charge transfer (in erg), and Aley is the difference between the
excited and ground state dipole moments (in esu-cm).”? This last
parameter can be obtained from the McRae polarity function
(Equation 10):7274

_ _ 20pdy (e—1  n?P—1
Vgbs — Vem =

hea®

) + (5abs + 5em)- (10)

e+2 n242
In this equation Uaps — Uem is the Stokes shift (in cm™t), Saps
and 8¢m are the differences in the vibrational energy (in cm?) of
the molecule in the ground and excited states for absorption
and emission, respectively, h is the Planck’s constant (in erg-s),
c is the speed of light in a vacuum (in cm-s?), € is the relative
dielectric constant and 7 is the static refractive index of the
solvent. Thus, Equation (10) can be rewritten as Equation (11):

y=mx+c (11)
where:
Y = Ugps — Vems

e—1 n?—1
X = —
e+2 n?242

20p5,

m=-—3 and

c= Oaps + Oem-

In this study, it was obtained the Onsager cavity radius (a) in
the gas phase using the CAM-B3LYP/jun-cc-pVTZ theory level. In
Equation (11), it was used Onsager radii 0.5 A smaller than those
calculated, as recommended in the literature?s (5.01 and 4.99 A
for 3a and 3b, respectively). The differences between the
ground state and excited state dipole moments (Apeg) in
different solvents were calculated using the slope and Onsager
radii of the molecules in their solvent environments. Once
again, compound 3b presented higher values (2.15 D) for Apleg
compared to the benzimidazole derivative 3a (1.98 D).
Moreover, the values for first hyperpolarisability obtained using
the solvatochromic method indicated that 3a and 3b present
values of Bxxx 32 to 83 times greater than urea.

This journal is © The Royal Society of Chemistry 2019
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Table 4 Table of constants, where a is the cavity radius withins@nsagers
model (in 10 cm), Ap, is the difference between theigrinind Grate a6
excited state dipole moments (in Debye) and P, is the first
hyperpolarisability (in 103° cm3-esu?).

Benzazole @ Apteg Buox XBurea®
3a 4.51 1.98 12.0 32
3b 4.49 2.15 31.4 83

3a0nsager cavity radius was obtained in the gas phase using CAM-
B3LYP/jun-cc-pVTZ level of theory. Urea: B,,= 0.38x10-*° cm®-esu.72

Usually, the first hyperpolarisability mainly depends on
conjugation path length and strength of electron donor and
electron acceptor group.”! In this way, although 3a and 3b have
a strong EDG (NO,), the obtained values for Sxxx compared with
the ones obtained for urea are probably tailored not only by
molecular conjugation of the benzazolic ring but also by the
relatively weak EDG (NH,).

Theoretical calculations

The keto and enol conformers were optimized in the ground
and first excited state using DFT and TD-DFT, respectively. Two
different exchange-correlation functionals were used, the
hybrid PBE1PBE, which is reported to give good results for
benzazole derivatives,’®78 and CAM-B3LYP, which includes
long-range corrections, in order to deal with excited states
which present an ICT character.?3

All the conformers found for 3a and 3b in the ground state
are presented in Figs. S14 and S15, respectively. The
correspondent energies are summarised in Tables S1 and S2.
Similar to the non-substituted benzazoles HBO and HBI,”? in the
gas phase or in low polarity solvents the most stable
conformation in the ground state was the so-called enol-cis (Es;
Fig. 6).

0.990

Fig. 6 Most stable structures for 3a (left) and 3b (right) in the ground state, using
CAM-B3LYP/cc-pVDZ and PCM/1,4-dioxane. The bond lengths are presented in
Angstroms and the dihedral angles in degrees.

In this conformation, benzazole and phenyl rings are in the
same plane and there is a hydrogen bonding between O—H N
atoms. In the ground state, the keto tautomers were broadly
disfavoured by, at least, 10 kcal-mol?. They could be obtained
only by imposing constraints in geometry optimisation. The
main change in the geometries of the ground states was
observed in the NH, group. While E.s presents a planar
structure, with the hydrogens in the same plane of the phenol
ring, the remaining structures have a pyramidalised NH,, with
out-of-the-plane hydrogens (Figs. S13 and S14). Another
remarkable difference is the change in the hydrogen bonding
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length from the ground to the excited state. For Egs in the S;,
CAM-B3LYP gave a longer bond length than PBE1PBE and the
opposite was observed for the keto tautomer.

The vertical excitation energies and oscillator strengths
calculated for structures 3a and 3b are presented in Tables 5
and 6, respectively. TD-DFT vertical excitation energies were in
good agreement with experimental ones. Consistent with
previous works,%%-81 PBE1PBE energies were lower than
experimental values, while CAM-B3LYP energies were higher
than the experimental ones. On the other hand, the results
provided by both functionals for the vertical emission energies
were substantially different, mainly for the keto tautomers.

Another remarkable difference was that, while CAM-B3LYP
provided excitation energies for enol and keto tautomers close
to each other, this difference was much larger (around 200 nm)
when PBE1PBE was used. For 3a, CAM-B3LYP gave results closer
to the experimental ones. However, comparing the
experimental emission energies with the calculated ones, it is
not easy to identify which functional provides a better result.
The experimental data show higher emission energies for 3b
compared to 3a. However, the energy differences between keto
and enol conformers in the S; state (AE*), show that ESIPT is
more disfavoured for compound 3b than for 3a. Negative values
indicated that the keto tautomer is more stable than the enol
tautomer. From these values, there is an apparent different
trend when using PBE1PBE and CAM-B3LYP functionals. Using
the first one, the 3a keto form is most stable

in low polarity solvents, and the two tautomerjg, formsoare
almost degenerated in ethanol and aceteRittlé0BH-BrE0SEART
hand, the CAM-B3LYP functional suggests that the enol form is
more stable in all the solvents. For 3b, only in 1,4-dioxane (using
PBE1PBE) the keto form is the most stable. Yet, the energy
differences between the keto and enol forms are larger in 3b
than in 3a. A common characteristic for these molecules using
both functionals is that solvents with higher dielectric constant
should disfavour the ESIPT mechanism, a finding in agreement
with previous work.? It is worth mentioning that compounds 3a
and 3b presents in 1,4-dioxane and acetonitrile similar
excitations and transition orbitals (see ESI). Due to the
significant difference between CAM-B3LYP and PBE1PBE
results, we decided to benchmark the TD-DFT functionals for
these molecules. The vertical energies were compared toh
those obtained using RI-CC2 (Table 7). These calculations were
done in the gas phase by using the geometries obtained with
PBE1PBE and CAM-B3LYP. RI-CC2 offers a computationally
efficient route to recover electron correlation and has been
used as a reference value for ESIPT calculations.?14878 Comparing
the TD-DFT excitation energies, it was observed that, in general,
CAM-B3LYP provided results in better agreement with RI-CC2
calculations. This fact seems to indicate an ICT character for the S;
state since it is well known that ICT states are better described using
long-range corrected functionals.

Table 5 Absorption maxima (A,ps) and emission wavelengths (A.n), in nm, respective of oscillator forces (f), and energy differences between the keto and enol
forms (AE*, in eV), in the corresponding solvents, calculated for 3a. The energies were calculated using the jun-cc-pVTZ basis set.

PBE1PBE CAM-B3LYP
SOLVENT
Asbs (nm) f Aem (nm) f AE*(eV) Asbs (nm) f Aer (M) f AE*(eV)
1,4-Dioxane 404 0.688 465 0.559 - 342 1.038 391 1.172 -
E. Dichloromethane 422 0.633 507 0.715 - 349 0.994 427 1.341 -
Ethanol 426 0.602 520 0.757 - 351 0.960 439 1.383 -
Acetonitrile 426 0.595 523 0.765 - 351 0.951 441 1.390 -
1,4-Dioxane 475 0.299 678 0.103 -0.20 381 0.764 430 0.612 0.12
Dichloromethane 478 0.315 647 0.217 -0.03 379 0.776 441 0.898 0.20
s Ethanol 477 0.309 641 0.262 0.01 378 0.758 446 0.966 0.21
Acetonitrile 477 0.306 641 0.271 0.02 377 0.752 447 0.978 0.21

*AE = Egeto - Eenor; 1 €V =23.0609 kcal-mol?

Table 6 Absorption maxima (A,ps) and emission wavelengths (A.,), in nm, respective of oscillator forces (f) and energy differences between the keto and enol
forms (AE*, in eV), in the corresponding solvents, calculated for 3b. The energies were calculated using the jun-cc-pVTZ basis set.

PBE1PBE CAM-B3LYP
SOLVENT Aslom)  f Aewlom)  f BE*(V)  Awlm)  f Awmlm)  f BE¥(eV)
1,4-Dioxane 403 0.754 459 0.591 - 342 1.117 387 1.263 -
£ Dichloromethane 420 0.711 496 0.777 - 350 1.095 422 1.448 -
Ethanol 423 0.682 508 0.827 - 351 1.067 433 1.494 -
Acetonitrile 424 0.676 510 0.837 - 351 1.060 435 1.502 -
1,4-Dioxane 454 0.288 677 0.059 -0.04 371 0.781 429 0.497 0.30
. Dichloromethane 455 0.329 636 0.144 0.15 371 0.840 430 0.857 0.41
Ethanol 454 0.329 626 0.196 0.19 370 0.835 432 0,.59 0.42
Acetonitrile 454 0.328 625 0.207 0.20 369 0.832 433 0.977 0.43

*AE = Egeto - Eenor; 1 €V =23.0609 kcal-mol?

8 | Phys. Chem. Chem. Phys., 2019, 00, 1-3

Table 7 Energy differences (in eV) between the ground state enol-cis and
keto-cis (AEy¢) and enol-cis and keto-trans (AEyg), vertical absorption
energies at ground state geometry (AE,. (So?) and vertical emission energies

This journal is © The Royal Society of Chemistry 2019
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from enol-S; (AE,e: (S:¢) and from keto-S; (AE.er (S:)). The energies were
calculated in the gas phase.

RICC2 CAMB3LYP PBE1PBE Exp.©

AEe (S1) 0.13* -0.20* -
AEye (S1) 0.21* -0.16* -
3.70° 3.81 3.29
3 ABuer (S0°) 3.70° 3.63* 3.07* 3.28%
2 AE,.. (5:) 3.392 3.45 2.85
vert 121 3.49° 3.17* 2.66* 2.49%
2.732 2.86 1.74
Ayer (511) 2.56° 2.88* 1.83* 2.49*
AE¢ 0.30 -0.04 -
AEye 0.29 0.07 -
3.69° 3.81 3.30
b ABuer (S0) 3.69° 3.62* 3.07* 3.21%
3 . . .
. 3.452 3.48 2.87 2.45%
ABuer (51°) 3.55P 3.21* 2.70%
2.69° 2.85 1.72
Ayer (511) 2.57° 2.89* 1.83* 2.45"

*Calculated in 1,4-dioxane; 2geometry obtained with CAM-B3LYP/cc-pVDZ; bgeometry
obtained with PBE1PBE/cc-pVDZ and experiment performed in 1,4-dioxane.

To further analyse the possibility of ESIPT in 3a and 3b, the
potential energy curves for the proton-transfer in the S; state
were also computed compared to the curves obtained for HBO,
a well-known example of ESIPT (Fig. 7). These curves were
computed by keeping the O—H bond distance in a range of
values that increased in steps of 0.05A and optimising the
remaining coordinates without constraints. CAM-B3LYP and
PBE1PBE provided different barriers for the proton transfer, as
well as present inversion on the relative stability between both
tautomers. The calculated barriers for HBO are in agreement
with the ones calculated by Roohi et al. using PBE1PBE/6-
311++G(2d,p)’®%3 and Alarcos et al.?® using CAM-B3LYP/6-
31G(d,p).
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Fig. 7 Potential energy curves in the first excited state, with different O—H bond
lengths, for HBO, 3a and 3b computed with TD-DFT.

Using CAM-B3LYP, for HBO the keto tautomer is clearly
more stable (~3 kcal-molt) and there the barrier for the ESIPT is
very small (less than 2 kcal-mol?). Using PBE1PBE both, the
energy difference between the two tautomers and the energy
barrier, decreased. In contrast, CAM-B3LYP calculations for 3a
and 3b show that the enol tautomer was the most stable. Yet,
the energy barriers for the proton transfer are equal to 5.5 and

This journal is © The Royal Society of Chemistry 2019
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8.8 kcal-mol?, respectively. Moreover, PBE1PBE calculations
indicated barriers of 1.7 and 4.6 kcal-RidI10£8F 938G 18h
respectively. These results are an additional indication that
ESIPT is disfavoured in the studied molecules, when compared
to HBO. The specific substituent groups give a push-pull
character for the molecules, which increases the possibility of
ICT. Since the inclusion of these substituents affects the charge
distribution of the proton donor and acceptor, it is interesting
to evaluate not only the orbitals involved in the transition but
also the electronic density over the atoms.

Regarding the solvent effect, the calculations showed a
small influence of solvent polarity on absorption energies, a
finding in agreement with the experimental results. A more
significant effect was observed for the emission energies, where
a redshift can be seen for the enol and keto forms using the
CAM-B3LYP functional. In this case, the solvent polarity effect
was larger for the enol than to the keto tautomer. This implies
that S, for the enol is more polar than S, for the keto form (see
Table 8). Therefore, polar environments stabilise the enol
tautomer more than the keto tautomer, and shift the emission
spectra to higher wavelengths. For this reason, the energy
difference between the tautomers in the S; state is larger in
more polar solvents, and emission from the keto tautomer
should be more disfavoured. Consequently, is expected that the
fluorescence spectra shows a double emission in non-polar
solvents, where keto tautomers are more easily reached.
Interestingly, PBE1PBE showed a different trend (blueshift) for
the keto form with the increase of the solvent polarity.

Fig. 8 shows the molecular orbitals involved in the
transitions from the ground to the first excited state. The first
excitation is predominantly from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) and it has a «t* character.

HOMO

LUMO

Fig. 8 Molecular orbitals calculated for 3a and 3b using CAM-B3LYP.

It can be noticed that the heteroatom in the benzazole unit
has a negligible effect. For 3a and 3b, HOMO is delocalised over
almost the entire molecule, excluding the nitro group.
Significant electron density is located over the nitrogen of the
amino group and over the hydroxyl group. The LUMO is mainly
delocalised over the fused rings and nitro group. This indicates
that excitation to the S, state should transfer electron density
from the side that contains the amino group, the donor, to the
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Table 8 Partial ChelpG charges (in a.u.) and dipole momenta (4, in D) calculated using 1,4-dioxane as solvent for HBO, 3a (X=NH) and 3b (X=0) using CAM-

E B3LYP and PBE1PBE (in italic) and the jun-cc-pVDZ basis set.
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5(-; 3a (So) 8.6 -0.562 -0.592 0.365 -0.598 -0.794 0.739 -0.457 -0.472

g 9.2 -0.533 -0.558 0.355 -0.574 -0.752 0.703 -0.444 -0.457

i 3a (S;-E) 20.8 -0.528 -0.551 0.368 -0.583 -0.898 0.661 -0.565 -0.570

(@) 28.0 -0.484 -0.509 0.357 -0.544 -0.805 0.597 -0.580 -0.596

> 3a (S1-K) 16.3 -0.467 -0.638 0.434 -0.504 -0.769 0.672 -0.557 -0.557

% 24.4 -0.473 -0.581 0.440 -0.522 -0.761 0.585 -0.584 -0.598

) 3b (So) 7.8 -0.533 -0.569 0.352 -0.287 -0.798 0.740 -0.454 -0.463

B 8.5 -0.503 -0.537 0.342 -0.254 -0.760 0.705 -0.440 -0.449

g 3b (S;-E) 19.6 -0.489 -0.539 0.358 -0.300 -0.899 0.690 -0.556 -0.558

2 27.8 -0.442 -0.487 0.340 -0.265 -0.789 0.617 -0.579 -0.589

a 3b (S;:-K) 12.7 -0.491 -0.637 0.447 -0.262 -0.779 0.699 -0.519 -0.519

% 25.5 -0.510 -0.577 0.454 -0.239 -0.903 0.594 -0.581 -0.591

N

5

E Fig. 9 Electrostatic potential surfaces for HBO, 3a and 3b obtained using CAM-
%‘ side containing the nitro group, the acceptor. The spatial B3.YP-

B separation of HOMO and LUMO orbitals is characteristic of ) . . . . .
g push-pull molecules and indicates a charge transfer from one Phot.o'fautomerlsm Is assoFlated with changes in electronic
c side to the other (see Fig. 9). These results are consistent with ~densities and to a certain amount of charge transferred

the charge distribution and with the fact that ICT should between the acceptor and donor atoms. Further, charge
overarch ESIPT in both 3a and 3b. transfer states are characterised by changes in the electronic

density from one side of the molecule to the other. Therefore,
E, (S, K., (S,) it is interesting to analyse the redistribution of electronic

Ecis (SO)
P ’ - ’ charges after the excitation. Table 8 shows the charge
HBO > distribution and dipole moment for HBO, 3a and 3b in Sy-enol,
S;-enol and S;-keto. From Sg- to S;-enol, the negative charge

over O, decreased for all three molecules, but for HBO the

" proton Hg became much more positive than for 3a and 3b,

3a highlighting the increase in the proton donor acidity mainly for
the former molecule. Additionally, the electronic density over

the N3 atom in HBO increase and enhance its basicity, as
expected.®* As a result, a fast proton transfer takes place from
the donor to the acceptor atom along the reaction coordinate
in the S;. On the other hand, for 3a and 3b, the electronic

density on the N3 atom decreases after excitation and relaxation
to the enol form, indicating a decrease in the basicity of the

This journal is © The Royal Society of Chemistry 2019 Phys. Chem. Chem. Phys., 2019, 00, 1-3 | 10
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acceptor atom and, therefore, disfavouring the ESIPT. This fact
can indicate that the electronic density is shifted to other atoms
in 3a and 3b. Indeed, going from the Sy- to S;-enol, there was a
large increase (~0.1 a.u.) in the negative charge over Oy; and
01,, a change that emphasizes the increase of electronic density
shifted by the ICT process.

The changes in electronic density can be easily observed in
the electrostatic potential surfaces plotted in Fig. 9. In HBO, the
electronic density is mainly localised on the donor group and
slightly spreads out over the benzene rings after excitation.
However, after excitation in 3a and 3b, the electronic density is
clearly shifted from the —NH, to the —NO, side, strongly
indicating that ICT takes place. The changes in the electronic
density are also reflected in the dipole momentum (z) of the
molecules and they can help to assign the character of the
transitions. In HBO, ¢z undergoes a small variation in the excited
state, indicating a LE character, in contrast to 3a and 3b. There
is a large increase in the dipole moment when transitioning
from Sg to S; (particularly large for the enol tautomer), which is
one more indicator of charge transfer states. The large increase
in the dipole moment implies that polar solvents can stabilise
ICT states more than nonpolar solvents by decreasing the
energy gap between S; and S$p.°%8 Consequently, there is a
redshift in the wavelengths in the emission spectra. This
observation agrees with the calculated emission wavelengths
presented in Tables 5 and 6.

It is worth noting that the PBE1PBE functional provided the
wrong trend for keto emission, where A., decreased with
increasing solvent polarity. This observation highlights the fact
that the PBE1PBE functional does not describe charge transfer
states properly. Our results agree with Hsieh et al.,3° that show
that when a large charge separation in the molecule is present,
ICT should occur prior to ESIPT. In this case, with the increase of
the solvent polarity, the emission wavelength should present a
bathochromic effect. Additionally, solvent polarisation effects
can be more easily observed since there is a significant
difference in the dipole moment between both conformers in
the excited state.30

While most of the emission energies calculated for 3a using
CAM-B3LYP were fully in agreement with experimental results,
this concurrence was not observed for 1,4-dioxane. A possible
explanation can be rationalised in terms of the energy profiles
given in Fig. 10. Although the enol form is the most stable one,
the energy difference between the two tautomers is very small
(0.12 eV). In addition, the energy barrier for the proton transfer
is equal to the relaxation energy for the Franck-Condon state.
Therefore, after the light absorption, the system still has
enough energy to overcome the barrier and populate the keto
form to some extent. This fact implies that the abnormally
larger wavelength observed experimentally for 3a in 1,4-
dioxane could be associated with the emission from keto
tautomer. This supposition supports the mechanism of ICT
coupled to ESIPT for 3ain 1,4-dioxane, while the emission in the
remaining solvents is attributed to an ICT.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Energy profiles in the first excited state for 3a (left) and 3b (right) in 1,4-
dioxane calculated using CAM-B3LYP/jun-cc-pVDZ. The inserts show the
geometries that correspond to the transition states and the N-H and O-H distances
(in A). Energies were calculated in relation to the Sg-enol optimized structure,
except the values in parenthesis, which represent the energy difference between
the states connected by the dashed line and the transition state energy.

The situation is different for 3b. For this compound, the
vertical absorption does not provide enough energy to the
molecules to overcome the barrier for the proton transfer since
the keto tautomer has even higher energy than FC transition.
Therefore, the higher wavelengths experimentally observed for
3b when compared to 3a were not reproduced in the
calculations and the reason for this discrepancy remains
unclear. Additionally, according to calculations, changing the
heteroatom from N to O does not impact considerably the
emission energy, in contrast to the experimental results. A
possible explanation for both effects could be associated to
specific interactions with the solvent molecules. Our current
research will explore these directions.

Additional calculations using explicit solvent (molecules of
acetonitrile plus implicit solvation) clearly show the effect of
this solvent in the emission spectra (for the plots of spectra and
molecular orbitals see supporting information). While the LE
band (around 300 nm) remains basically unchanged with the
addition of acetonitrile molecules, the ICT band is clearly
redshifted (from ~440 nm to ~470 nm). This is a strong
evidence for ICT.

Conclusions

The synthesised compounds 3a and 3b presented in solution
absorption maxima in the UVA-visible region due to spin and
symmetry allowed electronic nn* with no clear evidence for
charge transfer in either compound in the ground state. In
general, two states, LE and ICT could be observed for
compounds 3a and 3b, which were tailored by solvent polarity,
leading to fluorescence emission in the violet-blue-green
region. Taking the longer-wavelength emission in the into
account, experimentally this work has also established that: (a)
relatively large Stokes shifts were observed for 3a and 3b, (b)
compound 3b was more polar in the excited state than 3a, (c)
excited state deactivation seemed to be ascribed to ICT,
observed from the Lippert-Mataga correlation in the Af range
of 0.02-0.20 and (d) at higher Af the medium polarity seems to
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reach a limit of stabilisation. In summary, experimentally,
charge-transfer emissions seems to be responsible prior to
ESIPT, to the long-emission wavelengths in these compounds.
To further investigate the possibility of ESIPT or ICT, we
performed TD-DFT calculations. They also indicate that ICT
should take place prior to ESIPT. ESIPT is largely disfavoured
mainly in polar solvents. The emission wavelengths were
sensitive to the solvent polarity, in agreement with the
occurrence of ICT. For 3a in 1,4-dioxane, the small energy
difference between the tautomeric forms added to the small
energy barriers, allow the emission from the keto.
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