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Abstract

This work describes the luminescent properties of the new compound -(hydroxyaryl)-butenolides recently discovered. The
compounds were subjected to UV—Vis absorption and fluorescence analyzes when diluted in different solvents. Through
the results, it was possible to observe that the f-hydroxyarylutenolides have two absorption bands, one at 289—291 nm and
the other with higher intensity at 328-354 nm. The emission band between 385-422 nm is observed under excitation at
324-327 nm. The compounds showed solvatochromism as a function of the analyzed solvent. In water, fluorescence quench-
ing of all compounds occurs. Therefore, studies with compound containing the methylenedioxy group attached in phenyl
ring were carried at different concentrations of water in DMSO. The decrease in the fluorescence intensity of this compound
is linearly proportional to the increase in the amount of water in the DMSO, with a minimum detection volume of 0.028%.
Quantum yields of three compounds were evaluated in different solvents, showing that the relationship between the structure
of the compound and the solvent is essential for a high value. The fluorescence quantum yield was also measured by Thermal
Lens Spectroscopy (TLS) using DMSO as the solvent, confirming the high value for the analyzed samples. Despite being
preliminary, the studies revealed that these compounds have luminescent properties that could be applied in the development
of chemical sensors for detecting water in DMSO.
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Introduction

In recent decades, numerous fluorescent small organic mol-
ecules have been studied for application in light-emitting
devices and sensors of the most varied types, due to their
lower cost compared to other materials and their structural
versatility [1]. In these compounds, the rigid core can be
changed to present specific properties by introduction of
OH, NH, OR, and OAc groups, among others, especially
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in aromatic rings. This functionalization can provide com-
pounds with a wide range of emissions in the visible region
[2, 3]. In compounds with aromatic rings conjugated to
unsaturated carbon chains electron delocalization occurs
mainly by one-dimensional bond conjugation. However,
functionalization in the aromatic rings can further mecha-
nisms such as charge transfer, dimer formation, or internal
proton transfer. These mechanisms can increase or decrease
the fluorescence and are directly related to the position and
nature of different groups attached in the base structure
[4,5,6,7,8].

The fluorescence of many of these conjugated systems
can be influenced by the solvent used in the solution. Solva-
tochromism is the term used to describe the significant
impact of a solvent's polarity on the absorption and emis-
sion spectrum of a compound. The absorption and emission
bands will appear at different wavelengths depending on the
solvent's ability to either increase or decrease stabilization
of the excited state [9, 10].
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Compounds that display strong solvatochromism have
attracted considerable attention due to their potential appli-
cations, especially as sensors [11]. The solvent can change
the shift and suppress the emission bands, as observed by
Santos et al. [6]. The authors observed that one of the syn-
thesized naphthoquinolines display two fluorescence bands
due to ESIPT mechanism. However, in water, the emission
bands corresponding to the keto form was suppressed while
the band corresponding to enol form was shifted to a higher
wavelength as a result of the hydrogen bonding with the
water [12]. Water can also cause fluorescence quenching
by transferring resonant energy from the compound in its
excited state to combined bands of O — H vibrations from
the water that overlap with the fluorescence emission from
the compound [13]. Fluorophores that absorb and emit in
the red region between 600 and 900 nm, in the absence of
other higher-speed processes, are likely to have their fluo-
rescence suppressed in water. However, this process can also
occur for fluorescent compounds that absorb at wavelengths
shorter than 600 nm when the excited state is long-lived
[13, 14]. Compounds that exhibit a fluorescence quenching
mechanism in water have the potential targets to be used in
the development of sensors for detecting water content in
organic solvents [15].

The butenolide nucleus is found in a variety of natural and
synthetic products (Fig. 1) that possess significant biological
properties [16, 17, 18, 19]. As a result, several researchers
have focused on developing new methods for synthesizing
these compounds, not only to explore their biological prop-
erties, but also to investigate properties related to molecu-
lar structures [20, 21]. Despite their important biological

Fig. 1 Natural and synthetic
compounds containing the
butenolide core

Benfurodil

HO o

2-Dihydromenisdaurilide

@ Springer

O
S o
6 g Y
O/‘k/\fo / \ 218
itk S

Rubrolideos

properties, there is a lack of literature on their optical prop-
erties. They have a short carbonic chain and a rigid structure
due to the connection between the butenolide ring and the
phenyl ring, allowing for electron delocalization through
one-dimensional bond conjugation [22]. Additionally, sub-
stituting the aromatic ring with electron-donating groups can
enhance fluorescence and change the mechanism by which
fluorescence occurs [23].

In this work, we investigated the optical properties of
B-hydroxybutenolides (Fig. 2) which were previously by
reaction between tetronic acid (1) and phenols (2) promoted
by BF;.0Me, [24]. We examined the luminescent properties
of these compounds with the aims to contributing to the cur-
rent demand in the search for light-emitting small organic
molecules as targets in the development of luminescent
materials, chemical sensors, and biological probes [25, 26].

For this study, three p-(hydroxyaryl)-butenolides were
submitted to analysis of absorption, emission, solva-
tochromism, and fluorescence quantum yield.

Experimental Procedure
General Information

All solvents used in the preparation of solutions of com-
pounds 3a, 3b, and 3¢ have HPLC grade and were used
without further purification. Studies on optical properties
were carried out at room temperature using a Shimadzu
spectrophotometer (Model UV-1800) for UV-Vis analysis
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Fig.2 Structure of
fB-(hydroxyaryl)-butenolide 3a,
3b, and 3¢
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and a Shimadzu spectrofluorophotometer (RF-6000) for
fluorescence and quantum yield analyses.

Spectroscopic Characterization

Absorption and emission analysis of the compounds 3a,
3b, and 3c were carried out initially from DMSO solutions
at 10° mol L', Solvatochromism studies with derivatives
3a, 3b, and 3¢ were carried out at room temperature from
solutions in DMSO, chloroform, ethanol, water, and tolu-
ene at concentrations of 5x 10 mol L™! [6].

Studies on the effect of water concentration on optical
properties were also carried out. Solutions of 3b at dif-
ferent percentages of water (in DMSO) were prepared to
maintain the final concentration at 5x 107 mol L.

The fluorescence quantum yield (@) was measured in
several solvents through the integrated photoluminescence
intensities and the absorbance values using as standard
(std) the quinine sulfate (& =0.546) according to Eq. (1),
wherein A is defined as the absorbance of the excitation
wavelength, F as the area under the emission curve and n
is the refractive index of the solvents used. Subscript std
is referent to data obtained for quinine sulfate [6].

Fig.3 (Left) Experimental
setup of the TLS, with L’s
indicating lenses, M’s mirrors
and Ph’s the photodetectors.
(Right) Characteristic TL tran- t
sient signal for DMSO solvent
obtained with P,=6 mW and
the theoretical fit curve
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The fluorescence quantum yield of 3a and 3b deriva-
tives were also investigated using the dual-beam mode-
mismatched configuration of the TLS in a time-resolved
procedure. As schematized in Fig. 3(a), the TLS experi-
mental setup is constituted of two laser beams, so that one
of them is used to excite the material to create the thermal
lens (TL) effect, while the second one, with low power, is
used to probe the effect. Once the excitation laser beam has
a Gaussian intensity profile, after the radiation is absorbed
by the material, a temperature gradient from the beam center
to the border can be observed, so that a radial temperature
change, AT(r), creates a variation in the refractive index of
the material [27, 28]. By aligning the probe laser beam to
cross this heated region, it can be registered a phase shift
in its wavefront in the far field, causing a divergence or a
convergence of the beam. As usually done during the TLS
procedure, it is possible to analyze the temporal response of
this lens-like effect to determine the absorption coefficient
(@), the fluorescence quantum yield (®,) and thermal dif-
fusivity (D) of semi-transparent materials.

To perform the experiments, a quartz cuvette with L=5 mm
thickness was used to insert the liquid samples. As shown in
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Fig. 3, the cuvette is placed in the minimum beam waist (w,,)
of the excitation diode laser at 4.,,=376 nm. As probe laser
was used a HeNe laser operating at 632.8 nm. Due the TL
effect, the probe beam intensity registered in the far field as a
function of time results in the typical normalized TL transient
signal, I(t)/I(0). Figure 3(b) shows the curve obtained for the
DMSO solvent.

The TL experimental data were fitted by using the theo-
retical model developed by Shen et al. [27], which express
the on-axis transient intensity of the probe beam in the far
field, I(¢), as:

2
2mV
[1 +2m)2+V2]<;—;> +1+2m+V2

1) =10)| 1 - gtan_l

(2)

The term 1(0) is the intensity when =0 or € =0, and

m and V are intrinsic geometric parameters from the probe

and excitation lasers [28]. For the experiment were used

m=45.4; V=4.32;and L=5 mm. In Eq. 2) ¢, = w%e/4D

is the TL characteristic time constant and D (cm? s7}) is

the thermal diffusivity. The amplitude of the TL signal is

proportional to 6, which is approximately the probe beam
thermally induced phase difference, is given by:

PeaL dn

0= o
k2, Yar )

The P,aL product corresponds to the absorbed power by
the sample (P, = P,al), with P, (W) being the excitation
power, @ (cm™!) the absorption coefficient at the excitation
wavelength, and L (cm) the cuvette thickness; A, (cm) is
the probe wavelength and dn/dT (K™!) is the thermo-optical
coefficient [27, 28]. K=pCD is the thermal conductivity
(Wem™ ! K1), p (gcm_3) is the volumetric density of the
sample, C (Jg~' K™') is the specific heat; and ¢ is propor-
tional to the fraction of absorbed energy converted to heat
in the material, which is given by:

iE)CC

in which 4, is the excitation beam wavelength and < 4,,, >
is the average emission wavelength obtained from the fluo-
rescence spectrum [27, 28]. In this case, for the studied sam-
ples, < 4,,, > =422 nm.

The absorption coefficient of the samples at the excita-
tion wavelength was determined through the relationship

between the incident power (excitation power), P;,, and the
transmitted power, P,, given by:
1 P,
a=—=In[——]
P, (=R ®
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in which R corresponds to the reflectance of the sample,

2
R = <%> , Where n is the refractive index of the solvent

used in the sample dilutions.

Computational Methods
UV-Vis Absorbance Spectra

The geometry optimizations of all compounds were per-
formed without constraints and the vibrational frequencies
were calculated using the BLYP [29, 30, 31] functional
and Grimmes D3 dispersion correction with Becke-John-
son damping function (D3(BJ)) [32] in combination with
the Def2-TZVP basis set [33]. The RIJCOSX [34, 35]
approximation has been used to speed up the calculations
performed. Coulomb integrals were approximated with
the RI-J [34] approach using the Def2/J auxiliary basis set
[36]. The absence of imaginary eigenvalues in the Hessian
matrix indicated that all optimized geometries correspond
to the minima of energy on the potential energy surface.
The UV-Vis spectrum of the compounds investigated has
been calculated using the STEOM-DLPNO-CCSD [37, 38]
method along with the Def2-TZVP basis set. The Def2-
TZVP basis set also was used as an auxiliary basis set. The
RIJCOSX approximation also was employed here to speed
up these calculations. The H,O or DMSO solvation has
been considered using the solvation model based on density
(SMD) [39]. All calculations were done using the ORCA
program package [40].

Theoretical Investigation of the Fluorescence
Suppression in Water

The geometry optimizations of all compounds in ground
state or the first excited state were performed without con-
straints and the vibrational frequencies were calculated using
the BLYP [29, 30, 31] functional and Grimmes D3 dispersion
correction with Becke—Johnson damping function (D3(BJ))
[32] in combination with the Def2-TZVP [33] basis set.
The DMSO or water solvation was implicitly included with
the polarizable continuum model (PCM) through the inte-
gral equation formalism variant IEFPCM) [41]. Vibrational
analyzes for all optimized geometries confirm that they are
all energy minima at the computational model applied here.
The dipole moment, and the energy values related to the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) have been selected.
These calculations were made through of the Gaussian 16
(Revision B.01) software [42].
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Results and Discussion
Spectroscopic Characterization

The photophysical properties of derivatives 3a, 3b, and 3¢
were studied using UV—Vis absorption and fluorescence
spectroscopy. These derivatives exhibited two absorption
bands with maximum absorbance wavelengths ranging from
328 to 354 nm when DMSO was used as the solvent (Fig. 4).

The maximum absorbance position, observed when the
samples were diluted in DMSO was used to excite the sam-
ples for emission spectra determination (Fig. 5). The result-
ing photophysical data from the analysis are presented in
Table 1.

The compounds exhibited emission bands in the violet-
blue range, with maximum intensity values recorded at
385 nm for 3¢, 421 nm for 3a, and 422 nm for 3b. Addi-
tionally, a shift towards longer wavelengths (bathochromic
shift) in the emission band of 3a and 3b compared to 3c was
observed due to the presence of the more substituent groups
in these two derivatives, contributing to increasing the sta-
bility of the excited state [43].

All derivatives share the p-(hydroxyaryl)-butenolide fluo-
rophore and the difference in their absorption spectra are due
to the nature and quantity of the different groups attached to
this fluorophore. When changes occur in the fluorophore, it
is expected that the characteristic energy of a transition and
the wavelength of the absorbed radiation will also change.
Derivatives 3a and 3b have absorption bands with similar
intensity and a slight variation in the y,,,, value. However,
derivative 3¢ has an absorption band at a shorter wave-
length. This is because derivative 3c only has one additional
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Fig.4 Absorbance spectra of 3a, 3b, and 3¢ in DMSO solutions at a
concentration of 5% 10" mol L™!
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Fig.5 Emission spectra of compounds 3a, 3b, and 3c in DMSO at
5%10° mol L™

substituent attached to the phenyl ring (OH group), while the
other derivatives, have two more electron donating groups.
Derivative 3a has two OCHj; groups, and derivative 3b has
a methylenedioxy group -O-CH,-O- attached to the phenyl
ring by the two oxygens (Fig. 2). These substituents possess
non-bonding electrons (n electrons) that, through resonance,
can increase the length of the n-electron system. This behav-
iour is observed when a hydrogen on the aromatic ring is
replaced by electron-donating groups, causing the substi-
tuted compound to exhibit absorption at longer wavelengths
compared to the unsubstituted compound [44]. The presence
of any substituent, whether electron-donating or electron-
withdrawing, alters the absorption and emission of the fluo-
rophore. The bands can be shifted to longer wavelengths
depending on the interaction that the substituent has with
the fluorophore nucleus, such as the extent of conjugation or
increased intramolecular charge transfer (ICT) [45].

Stokes shift values do not indicate internal proton transfer,
so this kind of mechanism is when Stokes shifts are greater
than 100 nm [6, 46]. However, these compounds have struc-
tures that, after energy absorption, reach an excited state
where charge transfer occurs from the aromatic ring to the

Table 1 Photophysical data for 3a, 3b, and 3¢ in DMSO at
5%107° mol L. A, and A, are the maximum position of the
absorbance and emission wavelengths, respectively

Sample Ay, (nM) Aem (Nm) Al Stokes @,
(nm)
Band 1 Band 2
3a 290 354 421 73 0.59
3b 289 348 422 68 0.94
3c 291 328 385 57 0.25
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butenolide ring, and this charge transfer may explain the
observed emission [43].

Fluorescence Quantum Yield

Fluorescence quantum yields (@) of compounds 3a, 3b, and
3c were performed using quinine sulfate as a standard, which
has a quantum yield of 0.54 in 1 M H,S0, solution. &, val-
ues of the synthesized derivatives measured in the DMSO
solution were highly influenced by the substituents on the
aromatic ring. The results showed that compound 3b has
&, of 0.94, which indicates that practically all the absorbed
energy is emitted with little energy being dissipated in non-
radioactive processes [6]. The @f of compounds 3a and 3¢
were 0.59 and 0.25, respectively. Derivative 3b possesses a
methylenedioxy group attached to the phenyl ring, forming
a 5-membered ring with the two carbons of the phenyl ring.
This results in a more rigid structure that reduces losses
caused by non-radioactive processes. In 3a, the presence of
two OCHj groups attached in phenyl ring leads to a decrease
in quantum yield, possibly due to deactivation caused by
non-radioactive process resulting from the rotation of these
groups [47]. However, the quantum yield of 3a is still higher
than that of 3c. In 3¢, the other substituent attached to the
phenyl ring is an OH group, likely contributing to the low-
est quantum yield among the three derivatives. During the
fluorescence process, the interaction between a photon and a
molecule generates the excited molecule A +hy — A*. Sub-
sequently, various non-radioactive processes can compete
with light emission and reduce the quantum yield. These
processes can occur simultaneously and depend on the
molecular structure of the fluorophore. Therefore, elucidat-
ing which of these processes occur in 3c is a challenging
task. However, it is plausible to hypothesize that the second
hydroxy group attached to the phenyl ring of 3¢ may inter-
fere with the charge transfer process through intermolecular
hydrogen bonding.

Fluorescence Quantum Yield by Thermal Lens
Spectroscopy

In order to better investigate the luminescent properties of
samples 3a and 3b, which were diluted in DMSO at a con-
centration of 5x 107° mol L™" concentration, TLS measure-
ments were conducted. As shown in Fig. 3, a laser with a
wavelength of 376 nm was used to excite the sample during
TLS measurement. This wavelength is adequate for promot-
ing electrons in samples 3a and 3b, but not in sample 3¢
(as seen in the absorption shown in Fig. 4). This explains
why sample 3¢ was not investigated. First, the values of the
absorption coefficient () were obtained for each sample,
by calculating the ratio between transmitted and incident
power at 376 nm, P,/P,,, using Eq. (4). Thus, the following

mn°
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values were found: 0.0132 cm™! for the DMSO solvent,
0.1481 cm™! for sample 3a, and 0.1421 cm™" for sample 3b.
It is important to mention that the sample 3¢ was not meas-
ured using this method because its absorbance at 376 nm is
very low (see Fig. 4).

In the TLS measurements, transient signals were obtained
as a function of the excitation power (P,) for each sample,
as shown in Fig. 3(b). The transients (experimental data)
were fitted with Eq. (1) to obtain the parameters 6 and ¢,.. The
absorbed power was determined based on values of P,, a and
L (5 mm). The 0 /P abs ratio of the samples was obtained
from the data of  as a function of P, , as shown in Fig. 6.
This ratio, known as ®, was mathematically manipulated
according to Eq. (2):

o= o) ®

From Eq. (5), it was found ® for the reference sample
(DMSO solvent), G),.ef, and for the samples diluted in DMSO
(3a and 3b), ©,,,,,- In this case, the reference sample does
not have fluorescence, i.e., all the energy absorbed by this
sample is converted into heat, ¢ = 1.

sample

. <] .
Thus, the ratio between — gives us the value of ¢ for
ref

each sample, indicating the amount of energy absorbed that
was converted into heat. From the values of ¢ for each sam-
ple, it was possible to find @, by Eq. (3). Table 2 summa-
rizes the results of the fluorescence quantum yield found for
the samples 3a and 3b.

From the results, it is possible to note that the 3b sample
presents a higher quantum yield of 95%, which is in agree-
ment with the obtained photophysical data (94%). The 3a
sample, on the other hand, showed a quantum yield of 74%,
slightly higher than the value of 59% obtained through the
photophysical data (59%).

Computational Study of the UV-Vis Absorbance
Spectra

The main electronic transitions presented in the UV-Vis
absorbance spectra of the compounds 3a, 3b, and 3¢ solvated
in DMSO or water were identified from theoretical calcula-
tions (Table 3, Figs. 7 and S1).

Due to the similarity of the molecular orbitals of the com-
pounds studied in DMSO or water, the main molecular orbit-
als obtained for the molecules analyzed solvated in water
have been organized in the supplementary material. Firstly,
it is important to highlight that there are close values of the
wavelengths obtained from experimental and theoretical data
for the two main bands present in the UV—-Vis absorbance
spectra of the investigated compounds. Additionally, the
main wavelength values obtained in the UV-Vis absorb-
ance spectra of the compounds 3a, 3b, and 3c solvated in
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DMSO are similar to those obtained in water. The band
close to 280 nm in structures 3a and 3b is mainly associ-
ated with the electronic transition between the molecular
orbitals HOMO-1 and LUMO (50-56%). On the other hand,
in structure 3¢, there are three main electronic transitions:

Table 2 Results of ®, ¢ and <I>f for the samples studied

Sample Omw) @= ®®_z @,
ref
DMSO 2434009 e
3a 0.84+0.04 0.34+0.02 0.74+0.07
3b 0.38+0.02 0.15+0.01 0.95+0.09

i) HOMO-1 — LUMO (31-39%); ii) HOMO — LUMO
(20-29%), and iii) HOMO — LUMO + 1 (30-31%). The
band close to 320 nm is mainly composed of the electronic
transition HOMO — LUMO (66-86%) in all the studied
structures. This band is preferentially shifted to the UV
region in structure 3¢ compared to compounds 3a and 3b.

Solvatochromism Studies

After the study in DMSO, these compounds were also ana-
lyzed in other solvents to verify the influence of these sol-
vents on their photophysical properties. For this study, the
compounds were dissolved in DMSO, ethanol, water, chlo-
roform, ethyl acetate, and toluene at a final concentration of
5% 107 mol L=!. The aqueous solutions of the compounds
were prepared by diluting a concentrated solution of DMSO
with water, resulting in a final concentration of DMSO in the
aqueous solution of 0.12%. Regarding the absorption of 3a,
3b, and 3c in the different solvents, it was observed that in
more polar solvents the bands appear at higher wavelengths
(Fig. 8).

In the water, a third band superimposed on the second
appears at 400 nm in the spectrum of 3a and 3b, while in 3¢
this band appears at 361 nm. This third band can be attrib-
uted to the low solubility of compounds in water as it disap-
pears at lower concentrations of water in the DMSO. The
intensity of the bands was also affected by the nature of the
solvent (Fig. 8). The emission spectra and data from the
solvatochromism study are shown in Fig. 9 and in Table 4.

Some changes are seen in the emission spectra when a
decrease occurs in the dipole moment of the solvent, so the
emission spectrum undergoes a hypsochromic shift, as in
toluene and chloroform [6].

The results showed that solvent characteristics an influ-
ence the fluorescence of 3a, 3b, and 3c. Toluene and chloro-
form, which are less polar solvents, stabilize the excited state
less. This causes a hypsochromic effect, resulting in emis-
sion at shorter wavelengths. In polar solvents, bathochromic
effect was observed. This is likely due to greater stabiliza-
tion of the excited state, leading to a decrease in energy
and a shift in the emission band to longer wavelengths. This
observation aligns with results obtained by Santos et al. [6].
These results indicate that the fluorescence process involves
allowed electronic transitions of the 1 — x* type [6, 40, 46].
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Table 3 Main electronic
transitions are present in the
UV-Vis spectrum of the
compounds 3a, 3b, and 3¢
solvated in DMSO or H,O

Compound (Solvent)

Band 1

Band 2

3a (DMSO)
3a (H,0)
3b (DMSO)
3b (H,0)
3¢ (DMSO)

3¢ (H,0)

280° [HOMO-1 — LUMO (50)"]
287 [HOMO-1 — LUMO (55)]
283 [HOMO-1 — LUMO (50)]
289 [HOMO-1 — LUMO (56)]

277 [HOMO-1 — LUMO (31); HOMO —
LUMO (29); HOMO — LUMO+1 (31)]

282 [HOMO-1 — LUMO (39); HOMO —

326 [HOMO — LUMO (73)]
332 [HOMO — LUMO (76)]
336 [HOMO — LUMO (82)]
342 [HOMO — LUMO (86)]
308 [HOMO — LUMO (66)]

314 [HOMO — LUMO (74)]

LUMO (20); HOMO — LUMO+ 1 (30)]

“Wavelength in nm

®Weight (in %) of the electronic transition between the molecular orbitals

Fig.7 Main electronic transi-

. )
tions between the molecular P
orbitals of the compounds 3a, * 9.

3b, and 3c solvated in DMSO

‘i‘ "
4
HOMO-1 LUMO
3a
® 4
& e 3
J ?‘
9 - . ¢
% 7y
(Y b B4
9 ()
HOMO-1 LUMO
3b
‘. 9 9 4 9 9
: 9o ? ‘J

When the most polar solvent stabilizes the excited state
more than the ground state, the separation between the ener-
gies of the ground and excited states is reduced, causing a
shift in the absorption spectrum towards the red [46]. This
phenomenon is known as solvatochromism and the extent
of this shift is determined by the change in the molecule’s
dipole moment during the excitation process [46].

The emission spectra of 3a and 3b show similar dis-
placement (nm) and intensity of bands in the same sol-
vents. However, in ethanol, the intensity of the bands of
3c is altered, with twice the intensity compared to 3a and

@ Springer

3b. This observation suggests that compound 3¢ in ethanol
remains in the excited state for a longer period, allowing
fluorescence to be observed for a longer time. In water,
the emission band of all three derivatives are suppressed.
This suppression is likely due to functional groups present
in these compounds undergoing protonation in water, pre-
venting internal charge transfer (ICT) and leading to the
suppression of fluorescence [47]. A similar mechanism
has been described for naphthol, which also experiences
fluorescence quenching in water [48]. Other mechanisms,
such as the formation of non-fluorescent species through
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Table 4 Photophysical data of 3a, 3b, and 3c in solvents of different polarities. A are in nm

Compounds

Solvent

3c

3b
xab

3a

b,

Ahg,

}"em

xab

b,

A,

}\em

b,

Al

}\'em

}‘ab

0.26
0.23
0.35
0.00
0.16

60
56
62

388
380
391
407
368

291; 328
287; 324
289; 329

0.94

422 68
413
431

290; 354

0.59

74

69

422
414
436

289; 348

DMSO

0.67
0.31
0.00
0.04

61

289; 352

0.72
0.21
0.00
0.

Chloroform 289; 345

Ethanol

77

289; 354

87
50

58

287; 349

84
45

287; 323

106
52

460
401

288; 354
288; 349

399
401

288; 349
279; 343

Water

289; 323

56

Toluene

hydrogen bonding between water molecules and molecules
of the target compound [12].

Computational calculations performed by other authors
have shown that for certain types of fluorescent compounds
which are already in hydrogen bonding with the solvent
before light absorption, the hydrogen bond is strengthened
after transitioning to the excited state. This strengthening
leads to a rapid transfer of electrons from the solvent to the
chromophore resulting in the suppression of fluorescence
[49]. However, experimental data suggest that after transi-
tioning to the excited state, this hydrogen bond may weaken,
leading to the suppression of fluorescence and a decreased
in quantum yield [50].

The hydrogen bond donor solvents have ability to stabi-
lize charges, making it difficult for charge transfer to occur
to electron acceptor groups in water. However, this effect is
not observed in ethanol. Although ethanol is also a protic
solvent, the strength of this hydrogen bond is weaker com-
pared to water. This weaker bond strength may explain why
fluorescence suppression does not occur in ethanol [12].
Another potential mechanism that could be involved in the
suppression fluorescence in water is aggregation-causing
quenching (ACQ), which is favored by strong hydrophobic
interactions [51].

The 3c derivative showed the lowest solvatochromism
(Table 4) and emission bands at shorter wavelengths. Com-
pounds 3a, 3b, and 3c emit light in the blue-violet region
when excited by a UV lamp at 365 nm (Fig. 10).

The emission in the violet region is more pronounced in
a nonpolar solvent such as toluene, with the most intense
emission occurring in ethanol and DMSO for the three com-
pounds. The nature of the solvent also affects the quantum
yield, with 3b showing a @,0f 0.94 in DMSO, but this value
decreasing in other solvents. Derivative 3¢ exhibited the
highest @, value in ethanol, while the nature of the solvent
had less effect on 3a. In water, the fluorescence suppression
process, result in a <15f value of zero for all three compounds
(Table 4, Fig. 10).

The fluorescence quantum yield (&) plays a significant
role in many fluorescence-based applications and in the 3a,
3b, and 3c derivatives, it is influenced by solvent and by
substituent groups in the phenyl ring. The &, is dependent on
the interaction between compounds and solvents. DMSO, a
polar solvent, can receive hydrogen bonds and interact with
the compounds, greatly stabilizing the excited state and
furnishing a higher quantum yield (Table 4). Chloroform
which is not able to donate or receive hydrogen bonds, is
still able to stabilize the excited state, but the solute—solvent
interactions are weak, resulting in a greater @f. In toluene, a
is nonpolar solvent, the interactions between the compound
and solvent are weak leading to higher quantum yield. Etha-
nol forms a hydrogen bond with the OH group of the phenol
moiety, interacting with the compound and decreasing the
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Fig. 10 Photographs of 3a, 3b,
and 3c: before (upper side) and
during (underside) excitation
using a UV lamp at 365 nm.
From left to right: toluene,
ethanol, chloroform, DMSO,
and water

@f. In water, where the interaction is stronger, the fluores-
cence of the three compounds is suppressed (&,=0) How-
ever, the high values of CDf observed in DMSO, chloroform,
and toluene are essential for organic molecules to be used
in sensors. The substituents in the phenyl ring of deriva-
tive 3a, 3b, and 3c are not the same and possibly stabilize
or destabilize the electronic density of the aromatic ring in
different ways [6].

Study of the Fluorescence Suppression in Water

Solvatochromism is a characteristic exhibited by certain
fluorescent compounds as a result of intermolecular inter-
actions with the solvent, which in turn alters their photo-
physical properties. This solvatochromism allows these fluo-
rescent compounds to be as probes for analysis of solvent
mixtures, as well as sensors for detecting the presence of
water in polymeric matrices used in gaseous chromatogra-
phy among others applications [46, 52].

The results demonstrate the solvatochromism of the com-
pounds under evaluation, with the noticeable color change
from toluene (violet) to DMSO (blue). Additionally, there
was a suppression of fluorescence in water, indicating the
potential use of these compounds as sensors for detection of
water in organic solvents. The analysis of fluorescence sup-
pression in water was conducted with 3b, which exhibited a
higher quantum yield. Fluorescence suppression can occur
through various mechanisms or a combination of mecha-
nisms [53, 54]. In a dynamic collision suppression mecha-
nism, there is no change in the spectrum, as it only affects
the excited states of the fluorophores, while the formation
of complexes (static suppression) often results in a distur-
bance in the absorption spectrum. In this way, it is possible
to suggest that the suppression mechanism for 3a, 3b, and
3c occurs by collision since there is no change in the absorb-
ance spectrum as a function of the variation in the amount
of water as shown in Fig. 11 [54].

Absorbance

0,02

—

0’00 1 1 1 1
270 300 330 360 390 420

Wavelength (nm )

Fig. 11 Absorbance spectra of 3b at different percentages of water in
the DMSO solution

Analyses of absorbance were performed in triplicate with
water concentrations ranging from 0.0% to 10% in DMSO
solution (Table S1). However, only one analysis of each
water percentage was presented to avoid interferences with
the visualization of the Fig. 11.

The concentration of 3b in all analysis was maintained at
5% 107 mol L™!. The fluorescence spectrums of 3b shows
an emission band that decreases with an increasing amount
of water content (0 to 10%) (Fig. 12a) and a soft bathochro-
mic shift is observed (from 422 to 428 nm). In the detection
interval range from 1.00%-10.00% (v/v%), there is an obvi-
ous linear correlation between fluorescence intensity and
water percentage. The corresponding linear regression equa-
tion for this interval can be expressed as y=405282.746 —
13610.140 x where R?=0.985 (Fig. 12b). The linearity of
the analysis allows the use of this equation to determine the
water content in DMSO with detection limit of 0.028% [54].
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Fig. 12 a spectra of 3b were
recorded at various percent-
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Theoretical calculations were conducted to elucidate the
suppression of fluorescence in water (fluorescence quench-
ing). The parameters used to analyze the fluorescence
quenching included the dipole moment from the ground state
(M) to the excited state (p) and the energy gap between the
frontier molecular orbitals present in the ground state. The
frontier molecular orbital distributions of 3b was calculated
using density functional theory (DFT) with the B3LYP [32,
33] method in both DMSO and water as shown in Fig. 13. In

@ Springer

DMSO, the highest occupied molecular orbital (HOMO) is
delocalized on the aromatic ring and its substituents, while
the lowest unoccupied molecular orbital (LUMO) is delo-
calized on the butenolide moiety. In water, the HOMO and
LUMO are practically overlapping and the charge is delocal-
ized over the entire molecular skeleton.

The molecular orbital distribution indicates that the elec-
tronic transition resembles an intern charge-transfer (ICT)
transition from HOMO to LUMO in DMSO. In this solvent,
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Fig. 13 The HOMO and LUMO of 3b in DMSO and in water. The
HOMO and LUMO energies (in parenthesis), energy gaps (in square
brackets) and ground (pg) and excited state () dipole moments are
shown

the molecule has the butanolide moiety twisted with the aro-
matic ring even before excitation. However, the mechanism
involves an excited state that is less polar than the ground
state [55]. The smaller dipole moment observed for 3b
in the excited state may be associated with a competition
between ICT and proton-coupled electron-transfer (PCET)
mechanisms that occurs through the transfer of a proton or
electron [56]. According to Morawski et al. this phenom-
enon may be associated with the fact that in both processes,
the electronic charge moves in the opposite direction to that
induced by an optical excitation. As a result, the polarization
of the system is partially neutralized, generating a particu-
larly smaller dipole in the final states [56]. However, this is
just a hypothesis, and further studies must be carried out to
prove this statement. In water the molecule assumes a planar
geometry and the dipoles moment are larger compared to
those found in DMSO with pe slightly more polar than pg
(Fig. 13). In water the occurrence of hydrogen bonds pre-
vents the transfer of charge or proton. The H-bond-induced
excited-to-ground-state internal conversion (IC) is the main

mechanism attributed to fluorescence quenching. Numerous
theoretical and experimental studies have demonstrated the
strong dependence of FQY on the strength of solute—solvent
H -bonds for some chromophores [57, 58, 59]. However, further
studies are needed to clearly understand the fundamental ori-
gin of this H-bond-assisted non-radiative deactivation [60].

Several fluorophores, including flavone derivatives [52],
8-hydroxyquinolines [61], and tetrahydrohelicene deriva-
tives [62] have been utilized as a basis for the development
of sensors for measuring the water content in organic sol-
vents with detection limits ranging from 0 0.0048 to 0.06%
[52]. In this way, our work contributes to the efficient devel-
opment of fluorescent p-(hydroxyaryl)-butenolides that
exhibit fluorescence suppression in water. These proper-
ties could potentially be used for detecting water content
in organic solvents or mixtures, where water may be an
significant contaminant depending on the type of analysis
being conducted.

DMSO is a primary solvent used for solubilizing of
organic compounds in biological assays. The water content
in DMSO is of great interest as it can impact solubility, deg-
radation, and freeze—thaw cycle of compounds dissolved in
this solvent [63].

Water is the most common impurity in chemical pro-
cesses involving organic solvents and detection methods
typically include electrochemical, advanced spectroscopic,
and chromatographic methods [64]. While these methods
are reliable and accurate, they have drawbacks such as lack
of portability, high maintenance costs, and the need for a
skilled analyst. Therefore, there is a need for the develop-
ment of a more efficient and cost-effective detection method
is necessary [52, 64].

Conclusions

The synthetic probes exhibited intriguing optical properties,
including high quantum yield, solvatochromism and suppres-
sion of fluorescence in water. These characteristics, along
with the observed limit of detection of water in DMSO,
highlight the significance of -(hydroxyaryl)-butenolides as
potential targets for the development of sensors for quickly
determining of the water content in this solvent.
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