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cInstituto de Qúımica e Biotecnologia, Univ

57072-970, Brazil
dInstituto de F́ısica, Universidade Federal de
E-mail: italo@s.ufal.br
eDepartamento de Qúımica Fundament
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Cite this: RSC Adv., 2020, 10, 28484

Received 22nd May 2020
Accepted 16th July 2020

DOI: 10.1039/d0ra05949h

rsc.li/rsc-advances

28484 | RSC Adv., 2020, 10, 28484–
atochromic effects on the
emission properties of a thienyl-based dansyl
derivative

W. M. Pazin,ab A. K. A. Almeida,c V. Manzoni, d J. M. M. Dias,e A. C. F. de Abreu,df

M. Navarro, e A. S. Ito,a A. S. Ribeiro c and I. N. de Oliveira *d

Environmental conditions have a profound effect on the photophysical behavior of highly conjugated

compounds, which can be exploited in a large variety of applications. In this context, we use

a combination of experimental and computational methods to investigate thermal and solvatochromic

effects on the fluorescence properties of a dansyl derivative bearing a thienyl substituent, namely 2-(3-

thienyl)ethyl dansylglycinate (TEDG). In particular, we analyze how the solvent polarity and temperature

affect the ground and excited state energies of TEDG by using time-resolved and steady-state

fluorescence techniques. We determine the changes in dipole moment of the TEDG molecule upon

photoexcitation, as well as the solvent polarity effects on the excited state lifetime. Besides, we provide

theoretical modeling of the HOMO–LUMO orbitals and the vertical absorption and emission energies

using time-dependent density functional theory (TDDFT) as well as the polarizable continuum model

(PCM) to include the solvent contribution to the absorption and emission energies. Our results show that

the emission mechanism of TEDG involves locally excited states derived from hybrid molecular orbitals,

accompanied by a moderate variation of the molecular dipole moment upon light excitation. Our

findings demonstrate that TEDG exhibits desirable fluorescence properties that make it a promising

candidate for use as a photoactive material in electrochromic, optical thermometry, and thermography

applications.
1 Introduction

The study of the uorescence properties of organic molecules
presenting donor and acceptor functional groups is a long
standing issue and has been widely exploited in the develop-
ment of chemical probes for biological1,2 and inorganic
targets.3,4 In particular, p-conjugated compounds with electron-
donating and/or electron-withdrawing substituents tend to
exhibit an emission spectrum which is highly sensitive to the
surrounding conditions, such as temperature,5,6 polarity,7,8 and
viscosity9,10 of the carrier medium. In fact, the attachment of
donor and acceptor groups can be used to tune the HOMO–
LUMO energy gap of organic compounds as an efficient
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28491
synthesis method for uorescent probes for microenviron-
ments.2,11–13 A prominent example is the use of naphthalene
derivatives to trace the activity of non-uorescent biological
molecules such as proteins,14 peptides,15 and DNA segments.16

Further, p-conjugated compounds with good chemical stability
have been extensively used in a large variety of optoelectronic
applications, such as electrochromic devices (ECD),17,18 polymer
light-emitting diodes (PLEDs),19 solar cells,20 and organic eld-
effect transistors (OFET).21–23 From a fundamental point of
view, understanding the electronic transitions in highly conju-
gated organic compounds is still a timely topic due to the rich
phenomenology associated with intramolecular charge transfer
(ICT),24–26 thermal,27 and solvatochromic effects.7,28,29

Over the past decades, several studies have been devoted to
the characterization of the emission and electronic properties
of compounds based on 1-(dimethylamino)-naphthalene-5-
sulfonyl,30–41 known as dansyl derivatives. The main reason is
that dansyl derivatives tend to exhibit broad emission spectra
upon low-intensity UV excitation,30,31,33 with high quantum
yields even under different external conditions.30 As a conse-
quence, dansyl-based compounds have been extensively used to
label and probe biological targets,2,13,16,42 as well as in the design
of chemical sensors for heavy and transition metal ions.16,43–45

Further, the solvatochromic and thermal effects on the
This journal is © The Royal Society of Chemistry 2020
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uorescence properties of such compounds have attracted
remarkable interest.30,33–35,46–50 In particular, their emission
mechanism has been described in terms of 1La and

1Lb locally
excited states,30,31,34,40,48 and may involve an intramolecular
charge transfer and a mixing of p/ p* and n/ p* electronic
transitions in the naphthalene core and the amino group,
respectively. In addition, experimental studies have veried that
dansyl derivatives exhibit a signicant Stokes shi as the
solvent polarity is increased,33–35,49 with a considerable change
in molecular dipole moment. Concerning the thermal effects,
a pronounced thermochromic effect has been observed in the
uorescence spectra of dansyl moieties covalently tagged in
polymeric chains,51 as well as an enhancement in the uores-
cence intensity when the solvent temperature is increased.27,35

The present study is devoted to the characterization of
thermal and solvatochromic effects on the uorescence prop-
erties of a dansyl derivative bearing a thienyl substituent,
namely 2-(3-thienyl)ethyl dansylglycinate (TEDG). In particular,
the time-resolved and steady-state uorescence of TEDG are
investigated in solvents with distinct polarities. Our results
show that the uorescence spectrum of TEDG is strongly
affected by the temperature and polarity of the solvent. The
Stokes shi is used to estimate the variation of dipole moment
of TEDG upon photoexcitation. Further, we perform a detailed
computational analysis of TEDG using time-dependent density
functional theory (TDDFT), thus supplying information about
the HOMO–LUMO orbitals and the solvent effects on the
vertical absorption and emission energies. These quantum
mechanical calculations are in agreement with the experi-
mental ndings.
2 Materials and methods
2.1 Materials

All chemical reagents were purchased from Sigma-Aldrich,
Vetec, or Acros and used as received. The solvents of analyt-
ical grade were dried by conventional procedures and distilled
prior to use. The compounds were characterized by 1H NMR
spectroscopy, FTIR and elemental analysis.
Fig. 1 Synthetic route for the preparation of 2-(30-thienyl)ethyl-dansylg

This journal is © The Royal Society of Chemistry 2020
2.2 Synthesis

The synthetic route to obtain TEDG was divided into two steps,
as shown in Fig. 1. The rst step involved the preparation of
thiophene derivatives, while the second one was their esteri-
cation with dansylglycine (DSG). In particular, 3-(2-bromoethyl)
thiophene was synthesized according to the procedure
described in the literature52,53 and was obtained in 67% yield
(lit. 70%). 3-(2-Iodoethyl)thiophene was prepared by using
a literature procedure, with slight modications.54 Briey,
40 mL KI solution (6.46 g, 37.41 mmol) in acetone was added to
the crude 3-(2-bromoethyl)thiophene (6.57 g, 34.42 mmol). The
reaction mixture was stirred and reuxed for 4 h. Next, the
mixture was ltered, and the resulting solution was distilled
under reduced pressure, which furnished 6.47 g 3-(2-iodoethyl)
thiophene (79% yield). 1H NMR, FTIR and elemental analysis
results for both thiophene derivatives matched the data shown
in previous studies.52–54

2-(30-Thienyl)ethyl-dansylglycinate (TEDG) was synthesized
according to the procedure described in the literature:52 3-(2-
iodoethyl) thiophene (0.77 g, 3.24 mmol) and 1,8-bis(dimethy-
lamino) naphthalene (proton-sponge®, 0.69 g, 3.23 mmol) were
added to a solution of dansylglycine (0.99 g, 3.23 mmol) in
15 mL dry CH3CN. The reaction mixture was stirred at 50 �C for
1.5 h, and the white precipitate was removed by ltration.
CH3CN (15 mL) was added to the crude product, which was
followed by stirring, and the precipitate was again removed by
ltration. The ltration step was repeated until no more
precipitate was formed. An orange ochre solid was obtained
(0.34 g, 25% yield). mp 132–134 �C; 1H NMR (400 MHz, meth-
anol-d4, d): 8.56 (d, J ¼ 8.6 Hz, 1H, ArH), 8.37 (d, J ¼ 8.6 Hz, 1H,
ArH), 8.19 (dd, J ¼ 7.3 and 1.2 Hz, 1H, ArH), 7.51 (m, 2H, ArH),
7.30–7.26 (m, 2H, ArH and ThH), 6.98 (dd, 1H, ThH), 6.86 (dd,
1H, ThH), 3.89 (t, J ¼ 7.1 and 7.8 Hz, 2H, CH2Th), 3.75 (t, 2H,
SO2NHCH2), 2.86 (s, 6H, N(CH3)2), 2.56 (t, J ¼ 7.0 and 7.9 Hz,
2H, COOCH2).

13C NMR (400 MHz, methanol-d4, d): 167.55,
150.21, 135.98, 134.20, 128.32, 128.16, 127.13, 126.22, 126.13,
123.55, 121.33, 119.62, 117.86, 113.48, 62.10, 42.82, 42.14,
26.98; FTIR (KBr): n ¼ 3276 (m, n (N–H)), 3108 (w, n (C–Ha

thiophene)), 3053 (w, n (C–Hb thiophene)), 2940 (w, nas (C–H)),
lycinate (TEDG).52

RSC Adv., 2020, 10, 28484–28491 | 28485
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Fig. 2 Normalized absorption spectra of TEDG in solvents with
different polarities: hexane (black solid line) and acetonitrile (red
dashed line). Vertical dotted lines correspond to the theoretical
predictions for the absorption wavelengths using the TD-DFTmethod.
One can note that the absorption spectrum of TEDG is affected by the
solvent polarity, with a noticeable red shift in the lower energy band.
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2864 (w, nas (C–H)), 1741 (s, n (C]O)), 1575 (w, d (N–H)), 1452 (w,
nas (C]C)), 1380 (w, ns (C]C)), 1348 (m, d (C–H, CH2)), 1238 (m,
d (C–H, naphthalene)), 1203 (m, n (C–N)), 1160 (m, d (C–O)), 881
(w, dout-of-plane (C–H, naphthalene)), 831 (w, dout-of-plane (C–H)),
790 (s, dout-of-plane (C–H)) cm1; 686 (w, dout-of-plane (C–Ha thio-
phene)) cm1. Anal. calcd for C20H22N2O4S2: C 57.39, H 5.30, N
6.69, O 15.29, S 15.32; found: C 57.25, H 5.48, N 6.09, O 15.99, S
15.19.

2.3 Instrumentation

The 1H and 13C NMR spectra were recorded on a Bruker spec-
trometer operating at a frequency of 400 MHz. The FTIR spectra
were acquired with a Bruker IFS66 spectrophotometer using
KBr pellets. The elemental analysis determinations were per-
formed using Carlo Erba equipment.

2.4 Steady-state uorescence and absorption

A Hitachi F-7000 spectrouorometer was used to measure the
emission and excitation spectra of TEDG samples in different
solvents. The sample temperature was controlled using an
external water bath. Absorption spectra were obtained using an
Ultrospec 2100 pro UV-Vis spectrophotometer (Amersham
Pharmacia).

2.5 Time-resolved uorescence

We used a Tsunami (Spectra-Physics) laser system in mode-
locked conguration to provide picosecond pulses of light,
which is tunable to wavelengths between 840 and 990 nm. The
output laser beam was pulse-picked and frequency doubled or
tripled to generate wavelengths between 420–495 nm and 280–
330 nm, respectively. The pulses were directed to an L-format
Edinburgh F900 spectrometer with a monochromator in the
emission channel. Single photons were detected by a cooled
Hamamatsu R3890U microchannel plate photomultiplier. Data
are analyzed by using commercial soware (Edinburgh Instru-
ments) based on non-linear least-squares method. The quality
of t is judged from statistical parameters like reduced chi-
square values and the residuals distribution.

2.6 Theoretical calculation details

A better understanding of the electronic properties of TEDG can
be obtained using a theoretical analysis of the HOMO–LUMO
orbitals and the vertical absorption and emission energies. For
this, the Frontier molecular orbitals at the ground state for
TEDG were obtained using the density functional theory (DFT)
CAM-B3LYP/6-311+G(d,p) methodology, while the absorption
and emission energies were obtained using the time-dependent
density functional theory (TDDFT) at CAM-B3LYP/6-311+G(d,p)
level.55 The solvent effects were included using the polarizable
continuum model with the integral equation formalism (IEF-
PCM).56,57 The continuum approach is the most simple model to
estimate the solvent effects on the absorption and emission
energies of organic molecules, where the solvent is represented
by its macroscopic dielectric constant. Since no polar protic
solvent will be considered in this study, it is expected that the
28486 | RSC Adv., 2020, 10, 28484–28491
PCM will provide very good results for the solvent effects on the
absorption and emission energies of TEDG. Considering the
good accuracy related to the calculations of excited states ob-
tained by the CAM-B3LYP functional,58–60 all theoretical ground
and excited state molecular geometries were calculated using
the TDDFT CAM-B3LYP/6-311+G(d,p). The vertical transition
energies were calculated using the state specic approach for
absorption and emission and the respective Stokes shi.61,62 All
quantum mechanical calculations were performed by using the
Gaussian 09 program.63

3 Results and discussion

In Fig. 2, we present the absorption spectra of TEDG in hexane
and acetonitrile at room temperature (T ¼ 297 K). In the apolar
solvent, TEDG presents a high absorption band centered at lh¼
235 nm, corresponding to the high energy p / p* transitions
of the amino-naphthalene moiety.32 Besides, TEDG exhibits
a moderate absorption band at lg¼ 334 nm, which is associated
with low energyp/p* transitions from the ground state, S0, to
the locally excited states, 1La and

1Lb. These locally excited states
correspond to the short and long axis polarized states of the
amino-naphthalene group,30,32 respectively, presenting a small
energy gap around 0.1 eV. In particular, 1La is expected to be
a mix of p / p* transitions of naphthalene, with a strong
contribution from the n/ p* transition of the amino group. As
a consequence, 1La behaves as a polar state with a small charge
transfer character, while 1Lb remains a p / p* transition with
apolar behavior. In this case, the absorption band at l¼ 334 nm
of TEDG in hexane is governed by the 1Lb state. In the polar
solvent, two important modications can be observed in the
absorption spectrum of TEDG, with a blue shi taking place in
the h-band (lh ¼ 225 nm). More specically, the h-band is
suppressed in polar solvent, indicating the apolar nature of the
This journal is © The Royal Society of Chemistry 2020
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excited state involved in this p / p* transition. On the other
hand, a red shi is observed in the g-band (lg ¼ 341 nm), which
is favored in the polar solvent. In fact, the absorption band at
l ¼ 341 nm of TEDG in acetonitrile is governed by the 1La state,
due to the polar nature of this state. In order to conrm such
a statement, the HOMO and LUMO levels of TEDG in acetoni-
trile were computed by density functional theory at the CAM-
B3LYP/6-311+G(d,p) level, with the calculation results presented
in Fig. 3. From the Frontier orbitals (HOMO and LUMO) of
TEDG in acetonitrile, one can verify the contribution of the
lone-pair electrons of the dimethylamino group in the absorp-
tion transition. The HOMO and LUMO Frontier orbitals of
TEDG are quite similar to those previously reported for dansyl-
based compounds.48,64 Further, the electrostatic surface poten-
tial shows that the electron-withdrawing behavior of sulfonyl
and carbonyl groups gives rise to signicant molecular polari-
zation, with a low electron density in the dimethylamino-
naphthalene and thiophene moieties. The experimental and
theoretical results for the absorption parameters of TEDG in
different solvents are summarized in Table 1.
Fig. 3 (a) Ball-and-stick model of the molecular structure of TEDG,
with carbon, oxygen, sulfur and nitrogen atoms colored gray, red,
yellow and blue, respectively. (b) Frontier molecular orbitals (MOs) of
TEDG in acetonitrile, corresponding to HOMO and LUMO levels. (c)
Electrostatic surface potential (ESP) obtained by CAM-B3LYP/6-
311+G(d,p) including acetonitrile as the solvent.

Table 1 Solvent parameters and solvatochromic data of TEDG: 3 is the so
(ng) and lf (nf) are the absorption and fluorescence peak wavelengths (wa
absorption and fluorescence peak wavelengths obtained from TD-DFT

Solvent 3 ENT
lg
(nm) lThg (nm)

Hexane 1.88 0.009 334 332
Toluene 2.36 0.099 340 338
Chloroform 4.81 0.259 344 343
Dichloromethane 8.93 0.309 344 345
Acetone 21.01 0.355 339 345
Acetonitrile 36.64 0.460 340 345

This journal is © The Royal Society of Chemistry 2020
Fig. 4 shows the steady-state uorescence spectra of TEDG in
hexane and acetonitrile. The emission spectra were recorded at
room temperature. In the apolar solvent, we observe that TEDG
presents a broad emission spectrum upon photoexcitation at
lexc ¼ 380 nm, with a maximum intensity at lf ¼ 456 nm. A
pronounced red shi takes place in the emission spectrum of
TEDG in the polar solvent, with the maximum intensity occur-
ring at lf ¼ 524 nm for photoexcitation at lexc ¼ 424 nm. As
shown in Table 2, the emission spectra of TEDG are quite
similar to those of dansylglycine (DSG), which present
maximum emission intensities at l ¼ 455 nm and l ¼ 524 in
hexane and acetonitrile, respectively. These results indicate that
the thienyl group has a negligible contribution to the uores-
cence mechanism of TEDG, contrasting with previous reports of
dansyl derivatives containing cyclic groups attached to the
sulfonyl moiety, such as acryloyl,48 phthalimide,36 or oxo poly-
amine macrocycle.65 In fact, the direct attachment of cyclic
groups to the sulfonyl moiety tends to reduce the energy gap
between the fundamental and excited states of dansyl
compounds, thus leading to a strong red shi and/or uores-
cence quenching of the emission spectrum in comparison with
dansyl derivatives functionalized with non-cyclic groups. As the
thienyl is appended to the dansyl group through an ethyl-
glycinate linker, the emission transition of TEDG is very close
to that observed in dansylglycine. These experimental ndings
are in agreement with previous studies where cyclic groups were
attached to the dansyl compounds by alkyl-glycinate and alkyl-
diamine linkages.35,49 The experimental and theoretical results
for the emission parameters of TEDG in different solvents are
presented in Table 1. Furthermore, we determine the emission
quantum yield of TEDG in acetonitrile, with FTEDG ¼ 0.41. This
value is slightly greater than the emission quantum yield of DSG
in acetonitrile, with FDSG ¼ 0.36. This result indicates that the
attachment of the thienyl group leads to a reduction in the non-
radiative relaxation of the dimethylamino-naphthalene moiety.
A comparison between the spectroscopic properties of TEDG
and DSG is summarized in Table 2.

The dependence of the emission and absorption spectra on
the solvent polarity can be used to determine the variation of
the dipole moment of TEDG upon light excitation.1 More
specically, we analyze the dependence of the Stokes shi on
the empirical polarity parameter ENT introduced by Reich-
ardt.66,67 The use of ENT minimizes the eventual effects related to
errors in the estimation of Onsager cavity radius of the
lvent dielectric constant and ENT is the Reichardt solvent parameter.66 lg
venumbers), respectively. (ng � nf) is the Stokes shift. lThg and lThf are the
calculations, while (ng � nf)

Th is the theoretical Stokes shift

lf
(nm) lThf (nm) (ng � nf) (cm

�1) (ng � nf)
Th (cm�1)

456 439 7894 7403
488 451 8920 7390
499 486 9030 8614
505 509 9251 9333
512 527 10 020 10 032
524 534 10 371 10 248

RSC Adv., 2020, 10, 28484–28491 | 28487
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Fig. 4 Normalized fluorescence spectra of TEDG in solvents with
different polarities: hexane (black solid line) and acetonitrile (red
dashed line). Vertical dotted lines represent the theoretical predictions
for the emission wavelengths using the TD-DFT method. A
pronounced red shift takes place in the fluorescence spectrum of
TEDG in polar solvent, in comparison with TEDG in apolar liquid. Top:
images of TEDG fluorescence in different solvents: (1) hexane, (2)
toluene, (3) chloroform, (4) dichloromethane, (5) acetone, and (6)
acetonitrile.

Table 2 Spectral properties of dansylglycine (DSG) and 2-(3-thienyl)
ethyl dansylglycinate (TEDG) in different solvents. lg and lf are the
absorption and fluorescence peakwavelengths, respectively, whileF is
the quantum yield

Compound Solvent
lg
(nm) lf (nm) F

DSG Hexane 335 456 —
Acetonitrile 339 524 0.36

TEDG Hexane 334 456 —
Acetonitrile 340 524 0.41

Fig. 5 Stokes shift of TEDG as a function of the solvent polarity
parameter ENT . The dashed line represents the linear regression of the
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uorophore molecule. As the ENT parameter includes the effect
associated with the formation of hydrogen bonds and the
mechanism of intramolecular charge transfer, such a parameter
allows us to reasonably describe the microenvironment of
molecular dipoles in solution, rather than the other bulk
polarity functions based on the refractive indices and dielectric
permittivities of solvents. In the Reichardt approach, the Stokes
shi is related to changes of the molecular dipole moment as
follows:

ng � nf ¼ 11307:6

"�
dm

dmB

�2�aB
a

�3

#
EN

T þ constant; (1)
28488 | RSC Adv., 2020, 10, 28484–28491
where ng and nf correspond to the absorption and uorescence
maximum wavenumbers in cm�1, respectively. aB ¼ 6.2 Å is the
Onsager cavity radius of the betaine dye, while dmB ¼ 9 D is the
dipole moment change of the betaine molecule upon excita-
tion.66 dm and a are the variation of the dipole moment and the
Onsager cavity radius of the uorophore molecule,
respectively.

The Stokes shi of TEDG as function of the polarity
parameter ENT is shown in Fig. 5. Performing a linear regression
of the data (dashed line), we evaluate the change in the
molecular dipole moment from the regression slope m, using
the relation

dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dmB

2 �m� a3

11307:6� aB3

s
: (2)

The Onsager cavity radius of the TEDG can be determined
from the molar mass and the density of the compound: Mm ¼
415.50 g mol�1 and rP ¼ 1.21 g cm�3. We estimate a ¼ 5.00 Å
and dm ¼ 4.31 D for the TEDG molecule, which is in good
agreement with previous results reported for similar dansyl
derivatives.30,33–35

In order to investigate the solvation effects on the uores-
cence kinetics of TEDG, we exhibit in Fig. 6 the transient
intensity of TEDG emission. We used pulsed excitations at
lexc ¼ 330 nm and lexc ¼ 424 nm for TEDG in acetonitrile and
hexane solvents, respectively. In particular, the uorescence
kinetics of TEDG were monitored at the wavelength where the
maximum emission intensity takes place for each solvent, as
summarized in Table 1. As can be noted, the transient intensity
exhibits a single exponential relaxation in both solvents, with
the uorescence lifetime presenting a strong dependence on
the solvent polarity. More specically, a faster relaxation is
observed for TEDG in the apolar solvent than in the polar
solvent, reinforcing the polar nature of the 1La excited state
data, with a regression slope m ¼ 4.95 and correlation coefficient R ¼
0.94.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Normalized transient intensity of TEDG fluorescence for
solvents with distinct polarities: hexane (black line) and acetonitrile
(red line). The inset shows the dependence of the excited state life-
time, s, on the solvent polarity parameter ENT .

Fig. 7 (a) Steady-state fluorescence of TEDG in acetonitrile at
different temperatures: T ¼ 297 K (black solid line), T ¼ 306 K (red
dashed line), and T ¼ 315 K (blue dotted line). A small increase in the
fluorescence intensity is observed as the sample temperature is raised.
(b) Normalized transient intensity of TEDG emission at different
temperatures: T ¼ 297 K (black line) and T ¼ 315 K (red line). Note that
the fluorescence lifetime is not affected by the sample temperature
(see inset).
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involved in the emission process. The inset of Fig. 6 shows the
uorescence lifetime, s, as a function of the solvent polarity
parameter ENT. We note that s increases as the solvent polarity is
enhanced, indicating that the excited state is stabilized in
solvents with moderate polarity. These results are in accordance
with the solvatochromic data, as only a modest variation is ex-
pected to occur in the dipole moment of TEDGmolecules under
photoexcitation. However, an abrupt decrease of uorescence
lifetime is veried for high polarity solvents, suggesting a non-
trivial contribution of solvent polarity to the stability of the
TEDG excited state. Similar nonmonotonic behavior was re-
ported for the uorescence lifetime of 1-(dimethylamino)-5-
naphthalenesulfonic acid in a mixture of acetonitrile and
dioxane,30 where the mixture’s polarity was controlled by the
dioxane concentration. In fact, the uorescence kinetics of
dansyl-based compounds exhibit a rich phenomenology asso-
ciated with intramolecular charge transfer30 and the re-
orientation of solvent molecules.31

Let us now analyze the thermal effects on the uorescence
properties of TEDG. In Fig. 7(a), we present the steady-state
uorescence spectra of TEDG dissolved in acetonitrile at
different temperatures. One can notice a small increase in the
uorescence intensity as the sample temperature is raised,
accompanied by a small blue shi of the wavelength maximum
(�2 nm). Similar results were reported in other dansyl-based
compounds,27,35 with the intensity increase attributed to a ther-
mally-activated mechanism. As the uorescence phenomenon
in dansyl-based compounds involves locally excited states
derived from hybrid molecular orbitals, changes in the envi-
ronmental conditions may lead to a quenching or an
enhancement of the emission intensity. In order to clarify how
the temperature variation affects the stability of the excited
state, the transient intensity and uorescence lifetime of TEDG
in acetonitrile are shown in Fig. 7(b). Here, we clearly observe
that these parameters are independent of the solvent
This journal is © The Royal Society of Chemistry 2020
temperature. These results suggest that the uorescence
increase cannot be attributed to changes in the solvent–uo-
rophore interaction upon heating. Although a blue shi is
observed, it corresponds to an energy change around 0.02 eV,
thus implying that substantial modication of the molecular
structure seems unlikely. The enhancement of uorescence
intensity may also arise from a thermal inhibition of intra-
molecular charge transfer between the donor and acceptor
groups of TEDG, in a similar process to that recently reported
for a naphthalimide-based compound.68 Another feasible
mechanismmay be associated with uctuations in the torsional
angle of the dimethylamino group in relation to the naphtha-
lene plane, leading to enhanced overlap between the molecular
orbitals of the amino and naphthalene groups and a subse-
quent increase of the oscillator strength. Nevertheless, a theo-
retical description of thermal effects on the torsional
conformation of the diamethylamino-naphthalene moiety may
represent a challenging task. Despite the wide variety of physics
mechanisms that may give rise to this thermally-enhanced
RSC Adv., 2020, 10, 28484–28491 | 28489
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uorescence, TEDG exhibits desirable spectroscopy properties,
which makes it a promising candidate for different applica-
tions, such as electrochromic polymeric lms,52 highly-selective
probes for anion and cation detection,16,27 and thermometry.68

4 Summary and conclusion

In summary, we have investigated the uorescence properties of
a dansyl derivative (TEDG) containing a thienyl substituent. The
thermal and solvatochromic effects on the uorescence spectra
of TEDG were investigated. We showed that the emission
intensity of TEDG presents a strong Stokes shi as the solvent
polarity is increased, with the emission mechanism involving
locally excited states derived from hybrid molecular orbitals.
Using time-dependent density functional theory (TD-DFT), we
provided an analysis of the HOMO–LUMO orbitals, electrostatic
surface potential, and the vertical absorption and emission
energies. Variations in the dipole moment and uorescence
lifetime of TEDG molecules upon photoexcitation were esti-
mated. Our results showed that the uorescence lifetime of
TEDG presents a nonmonotonic dependence on the solvent
polarity, revealing a non-trivial contribution of medium polarity
to the stability of the TEDG excited state. Concerning the
thermal effects, we observed an enhancement in the emission
intensity as the sample temperature is increased, which is
accompanied by a small blue shi. However, we veried that
uorescence kinetics are not affected by the sample tempera-
ture, indicating that the solvent–uorophore interaction is not
modied upon heating. Our results show that TEDG exhibits
desirable uorescence properties, which makes it a promising
candidate for use in electrochromic and optical devices,52 as
well as in the production of polymeric lms for optical ther-
mometry and thermography applications.
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