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polarity on the photophysical
properties of chalcone derivatives†

Rekha Kumari, Anitha Varghese, * Louis George and Sudhakar Y. N.

The absorption and fluorescence characteristics of (E)-3-(furan-2-yl)-1-(4-nitrophenyl)prop-2-en-1-one

(FNPO), (E)-1-(4-aminophenyl)-3-(furan-2-yl)prop-2-en-1-one (AFPO) and (E)-3-(furan-2-yl)-1-(2-

hydroxyphenyl)prop-2-en-1-one (FHPO) were recorded in eighteen different solvents with increasing

polarities at room temperature. The solvatochromic effects on absorption and fluorescence spectra have

shown bathochromic shifts from non-polar to polar solvents for the reported molecules due to

intramolecular charge transfer (ICT) interactions. It has indicated a large difference in dipole moment

between electronically ground and excited states and the molecules were found to be more stabilized in

singlet excited state than the ground state. The ground and excited state dipole moments of FNPO,

AFPO and FHPO were determined experimentally by solvatochromic shift method using Bilot–Kawski,

Lippert–Mataga, Bakhshiev, Kawski–Chamma–Viallet and Reichardt's microscopic solvent polarity

functions. HOMO–LUMO energy values of FNPO, AFPO and FHPO were determined using cyclic

voltammetry and compared with those values obtained by TD-DFT (B3LYP/6-311G(d,p)) method.
Introduction

In the past few decades, studies on photophysical properties of
organic uorescent compounds have been a subject of intensive
investigation due to their potential applications in optoelectronics,
biomedical imaging and uorescence sensors.1–3 Chalcones, with
donor–p–acceptor moieties separated by a keto vinyl group are
known well effective photosensitive materials and have exhibited
considerable photophysical and photochemical properties.4

Chalcone derivatives are extensively used in optoelectronic elds
such as photorefractive polymers,5 nonlinear materials,6 chromo-
phore sensors,7 uorescent probes for determination of metal
ions,8–11 sensing of DNA12 and in the study of photo-alignment
layer of liquid crystal displays.13 In addition, chalcones are well
known for biological activities such as anti-inammatory,14 anti-
bacterial15,16 anti-parasitic,17 antitumor18 and antifungal.19,20 This is
due to a, b unsaturated keto group (–C]C–C(–)]O) and non-
planar structure21,22 present in chalcones. A compound having
donor–acceptor functionality with conjugation called a pull–push
system, displays interesting photophysical properties. Dipole
moments give insights into charge distribution,23 electron
density,24 electronic and geometrical structure of themolecule and
also conrm ICT process in the molecules. Therefore, estimation
of dipole moments is of considerable interest as it is quite helpful
in designing new molecules for non-linear optical materials.
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Various methods such as thermochromic shi method,25

Stark effect,26 uorescence polarization,27 microwave conduc-
tivity,28 electric dichroism29 have been reported for the deter-
mination of dipole moments of uorescent molecules. But, uses
of these methods are limited as they are less sensitive and
restricted to small molecules. Among these, solvatochromic
shi method has been a widely accepted method for the
determination of ground and singlet excited dipole moments
because of linear correlation between spectral parameters and
solvent polarity functions.30–32 There are considerable reports on
the determination of ground and singlet excited state dipole
moments using solvatochromic approaches for various chal-
cone derivatives such as substituted naphthalene triazole,
thienyl, chloroquinoline, benzylidene benzosuberones, pyrrol-
naphthalene, isatin based chalcone derivatives, indole based
naphthalene and thiophene derivatives.33–39 However, no liter-
ature was found on the determination of ground and singlet
excited state dipole moments for FNPO, AFPO and FHPO. The
titled molecules were synthesized (Scheme 1) by Claisen
Schmidt condensation reaction40 and characterized by IR, 1H
NMR, 13C NMR and mass spectrometry. The molecular struc-
tures of the studied molecules have been depicted in Fig. 1.

The present study focuses on determination of ground and
singlet excited state dipole moments of synthesized molecules
using solvatochromic shi method. Bilot and Kawski,41,42 Lip-
pert–Mataga,43a,b Bakhshiev,44 Kawski–Chamma–Viallet,45a,b and
microscopic solvent polarity parameters (ENT)46 were used to
determine the dipole moments experimentally. The specic and
nonspecic interactions between solvents and solute molecules
were studied using Kamlet–Abboud–Ta59 and Catalan solvent
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis of different chalcone derivatives.

Fig. 1 Structure of chalcone derivatives.

Fig. 2 Electronic absorption spectra of FNPO in different solvents.
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polarity parameters.60 Gaussian 09 program48 was used to
complement the experimental results.
Fig. 3 Fluorescence spectra of FNPO in different solvents.
Results and discussion
Spectral properties

The electronic absorption and uorescence spectra of FNPO,
AFPO and FHPO were recorded in eighteen different solvents
with increasing polarities from non-polar to polar at 10�5 M
concentration. The absorption and uorescence spectra for
FNPO have been presented in Fig. 2 and 3 respectively. Solvent
parameters such as polarity, dielectric constant and polariz-
ability play an important role to in inducing changes in inten-
sity, position and size of absorption and uorescence spectra.
The absorption maxima of FNPO, AFPO and FHPO were found
to be in the range of 352–380 nm, 348–378 nm and 350–379 nm
This journal is © The Royal Society of Chemistry 2017
respectively whereas the uorescence maxima were obtained in
the range of 423–482 nm, 420–476 nm and 425–480 nm. Upon
increasing the solvent polarity, appreciable red shis were
observed in the uorescence spectra of FNPO, AFPO and FHPO
(Dlf ¼ 59 nm, 56 nm and 55 nm respectively) when compared
to their absorption spectra respectively (Dla ¼ 38 nm, 30 nm
and 29 nm). These results have conrmed that singlet excited
state energy level was more stabilized than ground state energy
RSC Adv., 2017, 7, 24204–24214 | 24205
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Table 1 Spectroscopic data of FNPO in different solvents

Solvents la (nm) �na
a (cm�1) lf (nm) �nf

b (cm�1) D�nc (cm�1) �na + �nf/2
d (cm�1) �na + �nf (cm

�1)

Hexane 352 28 409 423 23 640 4768 26 024 52 049
p-Xylene 355 28 169 428 23 364 4804 25 766 51 533
Toluene 356 28 089 430 23 255 4834 25 672 51 345
Ether 357 28 011 432 23 148 4863 25 579 51 159
Diethylamine 359 27 855 437 22 883 4971 25 369 50 738
1,4-Dioxane 360 27 777 438 22 831 4946 25 304 50 608
Chlorobenzene 360 27 777 440 22 727 5050 25 252 50 505
Tetrahydrofuran 362 27 624 445 22 471 5152 25 048 50 096
Ethyl acetate 363 27 548 446 22 421 5126 24 984 49 969
Chloroform 364 27 472 447 22 371 5101 24 921 49 843
Dichloromethane 367 27 247 453 22 075 5172 24 661 49 323
Dimethyl formamide 368 27 173 458 21 834 5339 24 503 49 007
Dimethylsulphoxide 368 27 173 459 21 786 5387 24 480 48 960
Acetonitrile 370 27 027 462 21 645 5382 24 336 48 672
Butanol 372 26 881 466 21 459 5422 24 170 48 340
Propanol 374 26 737 470 21 276 5461 24 007 48 014
Ethanol 377 26 525 476 21 008 5516 23 766 47 533
Methanol 380 26 315 482 20 746 5568 23 531 47 062

a Absorption maxima. b Fluorescence maxima. c Stokes shi. d Arithmetic mean of absorption maxima and uorescence maxima.
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level. The large uorescence spectral shis have suggested that
the titled molecules were more polarized in the singlet excited
state than in the ground state.45 Spectroscopic parameters of
FNPO have been given in Table 1. Similar spectroscopic data
for AFPO and FHPO in different solvents have also been
calculated (Tables S1 and S2 ESI†). On increasing solvent
polarities, Stokes shi values were found to vary from 4768 to
5568, 4926 to 5446 and 5042 to 5551 for FNPO, AFPO and
FHPO respectively. These large differences in Stokes shi
values (800 cm�1, 520 cm�1 and 509 cm�1 for FNPO, AFPO and
FHPO) indicated bathochromic shi and ICT due to p / p*

transition and conrmed that the molecules were more
stabilized in polar solvents than in nonpolar ones. The bath-
ochromic shis have arisen due to the strong interaction of
singlet excited state solute molecules with polar solvents
leading to a large charge distribution between ground and
singlet excited state of solute molecules.

The spectral bathochromic shis and Stokes shis were
found to be more important in FNPO than in AFPO and FHPO,
due to the greater electronic delocalization in the former
compound than in the later ones, and to the respective,
different electron-withdrawing and electron-donating effects of
these substituents.

The quantum yield of FNPO, AFPO and FHPO were deter-
mined using single point method to study the solvent induced
spectral changes and solute–solvent interactions. Anthracene in
ethanol was used as a standard reference. The quantum yields
have been determined using eqn (1) for FNPO, AFPO and FHPO
in ethanolic medium and were found to be 0.12, 0.18 and 0.20
respectively. In case of FNPO, ICT state was more stabilized in
polar environment due to effective hydrogen bonding between
polar functional group of uorophore and solvent molecules.
This effectively quenched uorescence emission and enhanced
the non-radiative decay rate.
24206 | RSC Adv., 2017, 7, 24204–24214
f ¼ fstd �
IS

IR
� ODS

ODR

� hS
2

hR
2

(1)

where fstd represented quantum yield of standard reference
0.27 (anthracene),49 IS and IR were the integrated peak area of
sample and standard reference, ODR and ODS were the optical
densities of standard reference and sample, and hS and hR were
refractive indices of solvent and standard reference respectively.
The ratio of the squares of refractive indices was taken as 1.
Solvatochromic analysis for the estimation of ground and
excited state dipole moments

Solvatochromic behavior of FNPO, AFPO and FHPO were
analyzed using linear correlation methods47 proposed by Bilot–
Kawski, Lippert–Mataga, Bakhshiev, Kawski–Chamma–Viallet
and Reichardt. Spectroscopic properties have been correlated
with different solvent polarity scales to estimate the experi-
mental value of singlet excited state dipole moment. The solvent
polarity functions f(3,n), f(3,n), F1(3,n), F2(3,n) and F3(3,n) were
calculated using eqn (2), (3), (9), (10) and (11) respectively for
eighteen different solvents of increasing polarities (given in
Table 2). The ground state dipole moments (mg) of FNPO, AFPO
and FHPO were determined by quantum chemical calculation
using Gaussian 09W program and were found to be 3.66 D, 3.61
D and 3.58 D respectively. Theoretically obtained ground state
dipole moment values were used for the calculation of singlet
excited state dipole moment (me) by solvatochromic shi
methods. Based on Bilot–Kawski correlation method, ground
state dipole moments of the reported titled molecules were
obtained as 5.87 D, 5.72 D and 7.13 D respectively. Linear
graphs of �na � �nf vs. f(3,n), �na + �nf vs. f(3,n), �na � �nf vs. F1(3,n), �na �
�nf vs. F2(3,n), �na + �nf/2 vs. F3(3,n) and �na � �nf vs. E

N
T were plotted for

FNPO, AFPO and FHPO. Solvatochromic plots for FNPO have
been shown in Fig. 4. Slopes m(2), m1, m2, m3 and m4 obtained
This journal is © The Royal Society of Chemistry 2017
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Table 2 Solvatochromic polarity functions F1(3,n), F2(3,n), F3(3,n), 3, n, E
N
T , f(3,n) and f(3,n)f

Solvents F1(3,n)
a F2(3,n)

b F3(3,n)
c 3d ne ENT f(n,e) f(n,e)

Hexane �9.852 �1.828 0.536 1.89 1.374 0 0.052 0.562
p-Xylene 0.003 0.007 0.715 2.27 1.495 0.07 0.092 0.761
Toluene 0.016 0.035 0.716 2.38 1.487 0.09 0.118 0.776
Ether 0.164 0.370 0.689 4.27 1.353 0.11 0.417 0.898
Diethylamine 0.126 0.283 0.694 3.6 1.386 0.14 0.338 0.863
1,4-Dioxane 0.021 0.043 0.624 2.22 1.422 0.16 0.108 0.681
Chlorobenzene 0.142 0.391 0.949 5.62 1.524 0.18 0.485 1.192
Tetrahydrofuran 0.208 0.544 0.855 7.47 1.407 0.21 0.605 1.158
Ethyl acetate 0.200 0.492 0.778 6.08 1.372 0.22 0.544 1.050
Chloroform 0.148 0.370 0.825 4.81 1.445 0.25 0.442 1.046
Dichloromethane 0.218 0.594 0.905 9.08 1.424 0.31 0.660 1.235
Dimethyl formamide 0.275 0.839 1.037 38.25 1.430 0.39 0.906 1.490
Dimethylsulphoxide 0.263 0.842 1.105 47.24 1.477 0.44 0.921 1.566
Acetonitrile 0.305 0.863 0.922 37.5 1.344 0.46 0.907 1.376
Butanol 0.258 0.747 0.970 17.84 1.416 0.59 0.810 1.375
Propanol 0.262 0.770 0.989 20.8 1.421 0.62 0.835 1.406
Ethanol 0.289 0.816 0.924 25.33 1.361 0.65 0.865 1.357
Methanol 0.308 0.855 0.896 33.1 1.328 0.76 0.897 1.345

a Lippert–Mataga solvent polarity function. b Bakhshiev solvent polarity function. c Kawski–Chamma–Viallet solvent polarity function. d 3 ¼
dielectric constant. e n ¼ refractive index. f ENT ¼ microscopic solvent polarity function.
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from �na + �nf vs. f(3,n), �na � �nf vs. F1(3,n), �na � �nf vs. F2(3,n), �na + �nf/2
vs. F3(3,n) and �na � �nf vs. E

N
T were used to determine the singlet

excited state (me) for FNPO, AFPO and FHPO.
From solvatochromic analysis of FNPO, AFPO and FHPO,

correlation coefficient values were found to be greater than 0.90,
thereby indicating good linear square tting of these correla-
tions.50 The correlation graphs of �na � �nf vs. f(3,n) and �na + �nf vs.
f(3,n) were plotted according to Bilot–Kawski method. The
slopes m(1) and m(2) obtained from Bilot–Kawski plots based on
eqn (2) and (3) have been used in eqn (4) and (5) to calculate
ground state dipole moment (mg) and singlet excited state dipole
moment (me) respectively. The ground (mg) and singlet excited
state dipole moments (me) were found to be 5.87D and 8.05D
(FNPO), 5.72D and 7.28D (AFPO) and 7.13D and 8.42D (FHPO)
respectively and have been tabulated in Table 4. As can be seen
in this table, signicant differences were found for the singlet
excited state dipole moment (me) values of chalcone derivatives,
depending on the type of solvatochromic relationship. These
differences in the me values are very probably due to a number of
assumptions and approximations utilized in these sol-
vatochromic methods, as pointed out in the literature.51–56 The
difference in dipole moment between ground and singlet
excited states suggests that the molecules have considerable
charge distribution in singlet excited state and hence play an
important role in ICT process.

�na � �nf ¼ m(1)f(3,n) + constant (2)

�na + �nf ¼ �m(2)f(3,n) + constant (3)

where, f ð3; nÞ ¼
�
3� 1
3þ 2

þ n2 � 1
n2 þ 2

� ð2n2 þ 1Þ
ðn2 þ 2Þ and f(3,n) ¼ [f(3,n)

+ 2g(n)]; gðnÞ ¼ 3
2

"
ðn4 � 1Þ
ðn2 þ 2Þ2

#
.

This journal is © The Royal Society of Chemistry 2017
The dielectric constant (3), refractive index (n) and micro-
scopic solvent polarities have been taken from literature.57

mg ¼
mð2Þ �mð1Þ

2

�
hca3

2mð1Þ

�1
2

(4)

me ¼
mð2Þ þmð1Þ

2

�
hca3

2mð1Þ

�1
2

(5)

�na � �nf ¼ m1F1(3,n) + constant (6)

�na � �nf ¼ �m2F2(3,n) + constant (7)

na þ nf

2
¼ m3F3ð3; nÞ þ constant (8)

F1 ð3; nÞ ¼ 3� 1

23þ 1
� n2 � 1

2n2 þ 1
(9)

F2 ð3; nÞ ¼
�
3� 1

3þ 2
þ n2 � 1

n2 þ 2

� ð2n2 þ 1Þ
ðn2 þ 2Þ (10)

F3 ð3; nÞ ¼
"
ð2n2 þ 1Þ
2ðn2 þ 2Þ

�
3� 1

3þ 2
þ n2 � 1

n2 þ 2

�
þ 3ðn4 � 1Þ

2ðn2 þ 2Þ2
#

(11)

The slopes m1 (Lippert–Mataga), m2 (Bakhshiev), m3 (Kawski–
Chamma–Viallet) and m4 (Reichardt) were obtained from the
linear plots of (�na � �nf) vs. F1(3,n) (Lippert–Mataga), F2(3,n)
(Bakhshiev), (�na + �nf)/2 vs. F3(3,n) (Kawski–Chamma–Viallet) and
(�na� �nf) vs. E

N
T(3,n) (Reichardt), plotted for FNPO, AFPO and FHPO

based on eqn (6), (7), (8), and (19). The solvatochromic graphs for
FNPO have been presented in Fig. 4. Similar solvatochromic
linear plots for AFPO and FHPO have also been plotted (Fig. S3
and S4 ESI†). The obtained slopes, intercept and correlation
RSC Adv., 2017, 7, 24204–24214 | 24207
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Fig. 4 Solvatochromic linear plots of �na � �nf vs. f(3,n), �na + �nf vs. f(3,n) (Bilot–Kawski), (�na � �nf) vs. F1(3,n) (Lippert–Mataga), F2(3,n) (Bakhshiev), (�na +
�nf)/2 vs. F3(3,n) (Kawski–Chamma–Viallet) and (�na � �nf) vs. E

N
T (3,n) (Reichardt) for FNPO.
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coefficient for FNPO, AFPO and FHPO have been represented in
Table 3. Using these slope values, corresponding singlet excited
state dipole moments (me) were calculated for FNPO, AFPO and
FHPO using eqn (12)–(14) and (20) and were tabulated in Table
4.51–56 The singlet excited state dipole moment values were found
to be higher than that of ground state thereby conrming that
themolecules weremore polarized in singlet excited state than in
the ground state. It also suggests that the molecules have strong
solute–solvent interaction causing large charge distribution in
the singlet excited state. The ratio of singlet excited state dipole
24208 | RSC Adv., 2017, 7, 24204–24214
moment and ground state dipole moment (me/mg) and angle (f)
between them were estimated using eqn (17) and (18). The
Onsager radii (a) for FNPO, AFPO and FHPO were calculated
using Edward's increment method58 (eqn (21)) and were found to
be 3.66, 3.61 and 3.58 respectively.

m1 ¼
2
�
me � mg

�
hca3

2

(12)

m2 ¼
2
�
me � mg

�
hca3

2

(13)
This journal is © The Royal Society of Chemistry 2017
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Table 4 Ground and excited state dipole moments of FNPO, AFPO and FHPOa

Compound Radius (Å) mg
b (D) mg

c (D) me
d (D) me

e (D) me
f (D) me

g (D) me
h (D) Dmi (D) Dmj (D) (me/mg)

k fl

FNPO 3.66 6.90 5.87 8.05 10.43 8.92 12.09 8.20 2.18 1.29 1.38 0
AFPO 3.61 5.04 5.72 7.28 7.64 6.58 9.87 5.92 2.01 0.87 1.22 0
FHPO 3.58 5.09 7.13 8.42 7.55 6.73 10.30 6.43 1.29 1.00 1.15 0

a Debye (D) ¼ 3.33564 � 10�30 cm ¼ 10�18 esu cm. b The theoretically calculated ground-state dipole moment by Gaussian soware. c The ground
state dipole moment calculated from Bilot–Kawski equation. d The excited state dipole moment calculated from Bilot–Kawski equation. e The
excited state dipole moment calculated from Lippert–Mataga equation. f The excited state dipole moment calculated from Bakhshiev's equation.
g The excited state dipole moment calculated from Kawski–Chamma–Viallet's equation. h The excited-state dipole moment calculated from
microscopic solvent polarity parameter equation. i The change in dipole moments for me and mg obtained from Bilot–Kawski method. j The
change in dipole moments calculated from eqn (20). k The ratio of excited state dipole moment and ground state dipole moment calculated
from eqn (17). l The angle between ground state dipole moment and excited state dipole moment.

Table 3 Statistical treatment of correlation of solvents spectral shifts of FNPO, AFPO and FHPO molecules

Compounds Method Slope (m) Intercept Correlation coefficient (r2) N

FNPO Bilot–Kawski m(1) ¼ 730.71 4737.88 0.97 14
Bilot–Kawski m(2) ¼ �4661.82 54 951.46 0.95 12
Lippert–Mataga m1 ¼ 1909.96 4775.10 0.97 12
Bakhshiev m2 ¼ 672.61 4797.32 0.98 11
Kawski–Chamma–Viallet m3 ¼ �4133.57 28 283.43 0.90 12
Reichardt m4 ¼ 1131.89 4786.76 0.96 16

AFPO Bilot–Kawski m(1) ¼ 572.95 4878.76 0.95 18
Bilot–Kawski m(2) ¼ �4793.76 55 552.62 0.90 12
Lippert–Mataga m1 ¼ 1604.28 4901.23 0.95 16
Bakhshiev m2 ¼ 564.10 4919.38 0.95 18
Kawski–Chamma–Viallet m3 ¼ �5542.07 29 639.14 0.90 10
Reichardt m4 ¼ 546.16 5030.67 0.93 12

FHPO Bilot–Kawski m(1) ¼ 405.64 5033.37 0.93 13
Bilot–Kawski m(2) ¼ �4884.37 55 240.41 0.92 13
Lippert–Mataga m1 ¼ 1091.69 5056.17 0.96 12
Bakhshiev m2 ¼ 409.27 5066.50 0.95 12
Kawski–Chamma–Viallet m3 ¼ �5766.84 29 730.89 0.92 11
Reichardt m4 ¼ 725.73 5034.11 0.97 18
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m3 ¼
2
�
me

2 � mg
2
	

hca3
(14)

mg ¼
m3 �m2

2

�
hca3

2m2

�1
2

(15)

me ¼
m3 þm2

2

�
hca3

2m2

�1
2

(16)

me ¼
m2 þm3

m3 �m2

mg for m3 .m2 (17)

cos f ¼ 1

2mgme

��
mg

2 þ me
2
	
� m3

m2

�
me

2 � mg
2
	�

(18)

na � nf ¼ m4E
N
T þ const (19)

where, m4 ¼ 11 307:6
��

Dm

DmB

�2�aB
a

	3
�

Dm ¼ �
me � mg

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m4 81

11 307:6ð6:2=aÞ3
s

(20)
This journal is © The Royal Society of Chemistry 2017
a ¼
�

3M

4pdNA

�1=3
(21)

whereM, d and NA are molecular weight, density and Avogadro's
no. of solute molecules.
Multi-parametric correlations

The multiple linear regression analyses proposed by Kamlet–
Abboud–Ta59 and Catalan60 have been used to correlate
absorption maxima, emission maxima and Stokes shi
energies.61–63

y ¼ y0 + ap*p* + baa + cbb (22)

y ¼ y0 + aSPSP + bSdPSdP + cSASA + dSBSB (23)

where y and y0 were solvent dependent physiochemical property
and gaseous statistical quantity respectively. Independent
solvent parameters such as p*, a, b, SP, SdP, SA and SB quantify
solute–solvent interactions whereas ap*, ba, cb, aSP, bSdP, cSA and
dSB reect the sensitivity of physical property y in a given solvent
with various solvent parameters. The Kamlet–Abboud–Ta and
RSC Adv., 2017, 7, 24204–24214 | 24209
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Catalan solvent parameters for AFPO and FHPO (Tables S5 and
S6 ESI†) were used to measure solvent's ability to stabilize dipole
or charge of molecules through nonspecic or specic interac-
tions. Nonspecic interactions were measured using solvent's
dielectric parameters such as p*, SP (solvent polarity) and SdP
(solvent dipolarity) whereas specic interactions were measured
using a or SA (hydrogen bond donor strength) and b or SB
(hydrogen bond donor strength) according to eqn (22) and (23).

The results obtained from multiple linear correlation of
Kamlet–Abboud–Ta and Catalan equations have been shown
in Tables 5 and 6. The results of Kamlet–Abboud–Ta and
Catalan solvent scales have conrmed bathochromic shi in
absorption and uorescence spectra on increasing polarities
due to negative values for all the parameters in eqn (22) and
(23). Large values of dipolarity/polarizability (p*) and solvent
acidity (a) correlation regression coefficients reect their higher
contribution towards bathochromic shis and solute–solvent
interactions. The changes in absorption and uorescence
spectra were controlled mainly by dipolarity/polarizability and
hydrogen bond donating ability of the solvents. Fluorescence
spectra have indicated better correlation between Kamlet–
Abboud–Ta solvent scales and spectroscopic parameters than
the absorption spectra. It can be conrmed that the electronic
structure of ground and singlet excited state of FNPO, AFPO and
FHPO differ signicantly and the singlet excited state was more
polarized than the ground state. Hence the dipole moments of
singlet excited state of FNPO, AFPO and FHPO were found to be
more than the ground state dipole moments.

In the case of Catalan solvent scales, the correlation regres-
sion coefficient values of polarizability/dipolarity and acidity
Table 5 Estimated coefficients (y0, ap*, ba, cb), their errors and correlat
FNPO, AFPO and FHPO as a function of Kamlet–Abboud–Taft solvent s

Compound Parameters y0 ap*

FNPO �na [cm
�1] 28 410 � 95 �(944 � 140

�nf [cm
�1] 23 719 � 42 �(1400 � 21

D�n [cm�1] 4690 � 52 455 � 78
AFPO �na [cm

�1] 28 751 � 128 �(1019 � 19
�nf [cm

�1] 23 870 � 151 �(1375 � 22
D�n [cm�1] 4856 � 48 357 � 71

FHPO �na [cm
�1] 28 634 � 124 �(1195 � 18

�nf [cm
�1] 23 626 � 155 �(1432 � 22

D�n [cm�1] 5007 � 33 237 � 49

Table 6 Estimated coefficients (y0, aSP, bSdP, cSB, dSA), their errors and co
of FNPO, AFPO and FHPO as a function of Catalan four-parameter solv

Compound Parameters y0 aSP bS

FNPO �na [cm
�1] 30 135 � 363 �(2156 � 460) �

�nf [cm
�1] 26 009 � 489 �(2819 � 618) �

D�n [cm�1] 4126 � 144 662 � 182 65
AFPO �na [cm

�1] 30 928 � 476 �(2656 � 602) �
�nf [cm

�1] 26 149 � 559 �(2793 � 708) �
D�n [cm�1] 4751 � 127 92 � 161 47

FHPO �na [cm
�1] 30 271 � 435 �(2031 � 550) �

�nf [cm
�1] 25 669 � 512 �(2502 � 648) �

D�n [cm�1] 4601 � 88 470 � 111 38

24210 | RSC Adv., 2017, 7, 24204–24214
were found to be more than the basicity of solvents. This
conrms that polarizability and acidity of solvents play an
important role in the bathochromic shis of absorption and
uorescence spectra and solute–solvent interactions. Moreover,
the large correlation coefficient values for uorescence spectra
have conrmed that the electronic structure of ground and
singlet excited states of FNPO, AFPO and FHPO differ signi-
cantly. Hence, the dipole moment values of singlet excited state
of FNPO, AFPO and FHPO were found to be more than the
ground state dipole moments. This indicates that the titled
molecules have both nonspecic and specic interactions.
Theoretical investigations

Quantum chemical calculations. The molecular geometry of
FNPO, AFPO and FHPO were optimized and their HOMO–
LUMO energy values were determined by TD-DFT (B3LYP/6-
311G(d,p)) and have been depicted in Fig. 5 and 6 respec-
tively. The frontier molecular orbitals (HOMO and LUMO
orbital) play a vital role in understanding the electronic struc-
tures and transitions due to their electron donating and
accepting abilities. The energy gap values were calculated
between HOMO and LUMO energy levels for the reported
molecules and have been presented in Fig. 6, which helps to
describe the chemical reactivity, chemical soness and hard-
ness, thermal and kinetic stability, optical polarizability as well
ICT transition in the molecules.64

HOMO, LUMO and the energy gap values for FNPO, AFPO
and FHPO have been tabulated in Table 7. The low values of
energy gap suggest that the molecules were more reactive, so
ion coefficients (r2) for multi-linear correlation analysis of �na, �nf, D�n of
cale (eqn (22))

ba cb r2 N

) �(1159 � 125) �(478 � 137) 0.9305 18
1) �(1564 � 188) �(785 � 205) 0.9241 18

405 � 69 307 � 76 0.8904 18
0) �(1318 � 169) �(647 � 185) 0.9075 18
5) �(1498 � 200) �(868 � 219) 0.9137 18

183 � 63 253 � 69 0.8060 18
3) �(1138 � 163) �(620 � 178) 0.9053 18
9) �(1437 � 204) �(776 � 223) 0.9041 18

299 � 44 156 � 48 0.8856 18

rrelation coefficients (r2) for multi-linear correlation analysis of �na, �nf, D�n
ent scale (eqn (23))

dP cSB dSA r2 N

(1315 � 225) �(304 � 203) �(2045 � 10) 0.8968 18
(1968 � 302) �(466 � 273) �(2787 � 17) 0.9096 18
3 � 89 162 � 80 742 � 123 0.9170 18
(1517 � 294) �(535 � 265) �(2263 � 06) 0.8720 18
(1921 � 346) �(599 � 312) �(2656 � 77) 0.8813 18
3 � 79 88 � 72 352 � 109 0.8622 18
(1585 � 269) �(345 � 243) �(2047 � 71) 0.8819 18
(1971 � 316) �(428 � 286) �(2561 � 437) 0.8940 18
5 � 54 83 � 49 514 � 75 0.9197 18

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The optimized geometry, numbering system, vector of the dipole moments of FNPO (a), FHPO (b) and AFPO (c) using (B3LYP/6-
311G(d,p)).

Fig. 6 Molecular orbital diagram of FNPO, AFPO and FHPO
with HOMO–LUMO density plot and DEHOMO–LUMO calculated at
(B3LYP/6-311G(d,p)) level of theory.

Table 7 Ground state molecular orbital energies (EHOMO, ELUMO) and
energy gap (DEHOMO–LUMO; in eV) of chalcone derivatives calculated in
gaseous phase

Molecule EHOMO (eV) ELUMO (eV) DEHOMO–LUMO (eV)

FNPO �6.786 �3.429 3.357
AFPO �5.895 �1.883 4.011
FHPO �0.232 �0.100 0.131
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and have easier p / p* electronic transition. The positive and
negative phases of HOMO–LUMO orbitals have been repre-
sented in red and green regions. In FNPO, the HOMO orbitals
were localized in fural part whereas LUMO orbitals are localized
from carbonyl group to nitro group. Therefore, delocalizaion of
electrons occur from fural to carbonyl and nitro group of phenyl
ring. This can be conrmed by Mulliken charge density plot of
FNPO. The electron densities of O5, O14, O25 and O26 atoms
were found to be �0.4724, �0.3534, �0.1447 and �0.2887
respectively, thereby indicating the oxygen atom of fural has
more electron density than that of nitro group. HOMO orbitals
of AFPO and FHPO were localized in amine and hydroxyl group
of phenyl ring whereas LUMO orbitals were localized in
This journal is © The Royal Society of Chemistry 2017
carbonyl group and partially in fural group. According to Mul-
liken charge density of AFPO and FHPO, nitrogen atom
(�0.4495) of amine group and oxygen atom (�0.5929) of
hydroxyl group have more electron density than oxygen atom
(�0.3135 and�0.3593) of carbonyl group from AFPO and FHPO
respectively. Thus, charge transfer occurs from amine and
hydroxyl group to carbonyl group in both AFPO and
FHPO. Mulliken charge density parameters have been given in
Fig. 7 ESI.†

Global chemical reactivity descriptors (GCRD). Global
chemical reactivity descriptors are important parameters that
give insights into chemical reactivity and stability of the mole-
cules. GCRD parameters such as ionization potential (IP),
electron affinity (EA), electronegativity c, chemical potential (m),
chemical hardness (h), chemical soness (s) and electrophilicity
(u) for FNPO, AFPO and FHPO have been calculated using the
following expressions.

IP ¼ �EHOMO, EA ¼ �ELUMO, c ¼ (IP + EA)/2,

m ¼ �c, h ¼ (IP � EA)/2, s ¼ 1/2h

The obtained values of GCRD parameters are tabulated in
Table 8.

Cyclic voltammetric determination of HOMO–LUMO. Elec-
trochemical properties such as oxidation and reduction poten-
tials of FNPO, AFPO and FHPO were recorded by cyclic
voltammetry in acetonitrile medium using LiClO4 as electrolyte
RSC Adv., 2017, 7, 24204–24214 | 24211
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Table 8 Global reactivity descriptors for FNPO, AFPO and FHPO
calculated at the (B3LYP/6-311G(d,p)) level of theory

Molecule FNPO AFPO FHPO

Ionization potential, IP (eV) 6.786 1.883 0.232
Electron affinity, EA (eV) 3.429 5.895 0.100
Electronegativity, c (eV) 5.107 3.889 0.166
Chemical potential, m (eV) �5.107 �3.889 �0.166
Chemical hardness, h (eV) 1.678 �2.005 0.065
Chemical soness, s (eV) 0.297 0.249 4.741
Electrophilicity, u (eV) 7.770 3.771 0.209

Table 9 Electrochemical properties of FNPO, AFPO and FHPO

Compounds Eg
a Eox

b Ered
c EHOMO/ELUMO (eV) Eg

FNPO 3.35 0.52 1.54 �4.91/�5.93 1.02
AFPO 4.01 1.02 1.25 �5.41/�5.64 0.23
FHPO 0.13 0.54 1.52 �4.93/�5.91 0.98

a Theoretically calculated values. b Oxidation potential. c Reduction
potential in acetonitrile (10�3 M) containing 0.1 mol L�1 LiClO4 with
a scan rate of 100 mV s�1.

Fig. 7 Cyclic voltammograms of FNPO, AFPO and FHPO (10�3 M)
solvent: acetonitrile; electrolyte: LiClO4; scan rate: 100 mV s�1.
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and have been presented in Table 9. HOMO and LUMO energies
of the molecules were calculated using oxidation and reduction
potential values respectively.65 The band gap of FNPO, AFPO
and FHPO were calculated from HOMO–LUMO energies. Low
band gap of the titled compounds indicate that the molecules
were highly reactive. The cyclic voltammograms of FNPO, AFPO
and FHPO have been depicted in Fig. 7.

Experimental
Materials and methods

All the chemicals and reagents were purchased from Sigma
Aldrich Chemical Company, were of analytical grade and
used as received. A thin layer chromatography (TLC) using
aluminium plates pre-coated with silica gel 60 F254 (mesh) were
used to conrm the completion of the reactions. Spots were
24212 | RSC Adv., 2017, 7, 24204–24214
observed under UV light to ensure the purity of the product.
Melting points of synthesized molecules were recorded on elec-
trothermal digital melting point apparatus (Veego, VMPD) and
were uncorrected. FTIR data were collected on a Bruker FT/IR
spectrometer (Alpha-T) with KBr pellets. 1H and 13C NMR
spectra were recorded on a Bruker (400 MHz) spectrometer using
DMSO/CDCl3 as solvent and TMS as internal standard. GC-MS/
HRMS data were measured using mass spectrometer (Thermo
Trace GC Ultra/Thermo DSQ II). Cyclic voltammetric measure-
ments were carried out on CH1608E analyser and oxidation and
reduction potential is of FNPO, AFPO and FHPO were recorded
using a three electrode cell (platinum as the working and counter
electrode and scanning calomel electrode as the reference elec-
trode). The scan rate was 100 mV s�1 and the supporting elec-
trolyte was LiClO4 (10

�3 mol L�1) solution in acetonitrile.
Absorption spectra have been recorded on a Shimadzu UV-

Visible 1800 spectrophotometer. Fluorescence spectra were
obtained on Shimadzu RF-5301PC spectrouorometer. All the
solvents of different polarities, used for the study of sol-
vatochromic behavior were of spectroscopic grade. Solutions
were prepared in 10�5 M concentration to avoid self-absorption
and aggregation formation. All plots under solvatochromic and
quenching studies were analyzed using Origin 8.0 Professional
program.

All theoretical calculations have been performed using
Gaussian 09 program. Quantum chemical calculations were
employed to determine the ground state dipole moments of
FNPO, AFPO and FHPO.47
Synthesis

General procedure for the synthesis of chalcone derivatives.
To a solution of furan-2-carbaldehyde (0.01 mol) and aceto-
phenone derivatives (0.01 mol) in ethanolic medium (10 ml),
NaOH (40%) was added dropwise, and the reaction mixture was
stirred at 25 �C for 24 h. This was kept in a refrigerator and
allowed to stand overnight. The crude product was separated by
ltration, dried and puried by recrystallization from ethanol.

Characterization of (E)-3-(furan-2-yl)-1-(4-nitrophenyl)prop-
2-en-1-one (FNPO). Yield 88%, yellow solid, mp: 151–153 �C
(lit. 151–152 �C), 1H NMR (400 MHz, DMSO-d6): d 6.71 (dd, J ¼
3.3 Hz, 1H), 7.17 (d, J ¼ 3.2 Hz, 1H), 7.51 (d, J ¼ 15.2 Hz, 1H),
7.62 (d, J ¼ 15.6 Hz, 1H), 7.95 (d, J ¼ 1.6 Hz, 1H), 8.27 (d, J ¼
4.4 Hz, 2H), 8.34 (d, J¼ 4.4 Hz, 2H); 13C NMR (400 MHz, CDCl3):
d ¼ 113.1, 118.1, 123.9, 129.4, 132.2, 143.0, 145.7, 150.1, 151.3,
188.2. IR (KBr), cm�1: 1659 (C]O), 1580 (C]C), 1471 (NO2

asym), 1402 (NO2 sym), 969 (furan), 812 (Ar-H str). GC-MSm/z:¼
243.21 (calcd) 243 (found).

(E)-1-(4-Aminophenyl)-3-(furan-2-yl)prop-2-en-1-one (AFPO).
Yield 85%, yellow solid, mp: 109–110 �C (lit. 110 �C), 1H NMR
(400 MHz, CDCl3): d 4.15 (s, 2H), 6.49 (dd, J ¼ 3.2 Hz, 1H), 6.66
(d, J ¼ 3.2 Hz, 1H), 6.69 (d, J ¼ 8.4 Hz, 2H), 7.46 (d, J ¼ 15.2 Hz,
1H), 7.50 (d, J¼ 1.2 Hz, 1H), 7.56 (d, J¼ 15.2 Hz, 1H), 7.93 (d, J¼
8.8 Hz, 2H); 13C NMR (400 MHz, CDCl3): d ¼ 76.8, 77.1, 77.4,
112.6, 114.0, 115.3, 119.5, 128.6, 129.4, 131.1, 144.5, 151.2,
152.1, 187.6. IR (KBr), cm�1: 3456 (N–H), 1648 (C]O). HRMSm/
z: ¼ 213.23 (calcd) 236.0687 (M + Na) (found).
This journal is © The Royal Society of Chemistry 2017
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(E)-3-(Furan-2-yl)-1-(2-hydroxyphenyl)prop-2-en-1-one (FHPO).
Yield 90%, yellow solid, mp: 102–104 �C (lit. 103–105 �C), 1H
NMR (400 MHz, CDCl3): d 6.53 (dd, J ¼ 3.2 Hz, 1H), 6.77 (d, J ¼
3.6 Hz, 1H), 6.93 (d, J¼ 16.4 Hz, 1H), 7.01 (d, J¼ 9.2 Hz, 1H), 7.48
(d, J ¼ 10 Hz, 1H), 7.56 (t, J ¼ 15.2 Hz, 2H), 7.68 (d, J ¼ 15.2 Hz,
1H), 7.92 (d, J ¼ 10 Hz, 1H), 12.89 (s, 1H); 13C NMR (400 MHz,
CDCl3): d ¼ 113.0, 117.7, 118.9, 120.1, 129.7, 131.2, 136.4, 145.5,
151.6, 163.6, 193.4. IR (KBr), cm�1: 3443 (O–H), 1641 (C]O). GC-
MS m/z: ¼ 214.22 (calcd) 215 (found).

Conclusions

Photophysical properties of FNPO, AFPO and FHPO were
studied in a series of solvents with increasing polarities.
Absorption and uorescence spectra were recorded for eighteen
different solvents and the spectral properties of FNPO, AFPO
and FHPO were calculated. Large difference of Stokes shi
values with increasing polarities for all the molecules have
indicated that the bathochromic shi of absorption and uo-
rescence spectra can be attributed to p–p* transitions. It
suggests that all the molecules were more solvated in singlet
excited state than in ground state. The singlet excited state
dipole moments were calculated using solvatochromic shi
methods and were found to be signicantly higher than that of
ground state. It conrmed that considerable charge separation
occurred between singlet excited state and ground state. This
was mainly due to ICT process associated with donor–acceptor
moiety. All the molecules were found to be more reactive due to
low band gap energy. Therefore, FNPO, AFPO and FHPO can be
considered as potential candidates for uorescent probes,
luminescent materials and optoelectronic devices.
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O. R. Mart́ınez, J. Svoboda, P. Pihera and P. Váchal, J.
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