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Abstract
The absorption and fluorescence spectra of laser dye, 10-acetyl-2,3,6,7-tetrahydro-1H,5H,11H-pyrano[2,3-f]pyrido[3,2,1-
ij]quinolin-11-one [C-334], are recorded. The ground-state dipole moments (μg) were determined from density functional theory
(DFT) computations, Guggenheim’s, and solvatochromic methods. The excited-state dipole moments (μe) were determined from
Lippert’s, Bakhshiev’s, Kawski-Chamma-Viallet’s, andMcRae’s equations. The μe values are found to be higher than μg values and
this suggest that the probe molecule is more polar in the excited state. The absorption maxima and emission maxima of C-334
undergo bathochromic shift as the polarity of the solvent increases and indicates that the transitions involved are π→ π*. The
change in dipole moment (Δμ) and the angle between μe and μg is calculated. The absorption and fluorescence emission of the
probe C-334 were investigated theoretically with the help of Gaussian 09W for all the studied solvents by using time-dependent
(TD)-DFT combined with conductor-like polarizable continuum model (CPCM) solvation model and were compared with the
experimental results. Further, the ground- and excited-state dipole moments were also estimated for all the studied solvents by using
CPCM solvationmodel and are compared with the experimental results. The HOMO-LUMO energy gaps computed usingDFTand
from absorption threshold wavelengths are found to be in order with each other. The chemical hardness (η) of the probe molecule is
estimated and the results suggest the soft nature of the molecule. Further, the reactive centers like electrophilic site and nucleophilic
site were identified with the help of molecular electrostatic potential (MESP) 3D plots using DFT computational analysis.
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1 Introduction

Coumarin and their derivatives represent a class of well-
known laser dyes in the blue-green spectral region, character-
ized by high-emission quantum yields and findmany practical
applications in the various fields of science and technology.
Since they exhibit fluorescence in the UV-Vis region, they are
used as colorants, dye lasers, and non-linear optical
fluorophores [1–3]. They are used as photo initiators, emis-
sion layers in organic light-emitting diodes, probes in the bi-
ological study, photodimerization in polar, non-polar solvents,

etc. [4–6]. They also find applications as fluorescent indica-
tors [7], optical brighteners [8], sunscreens [9], anti-coagu-
lants, biological and chemical sensors [10, 11], in enzymology
[12], blood thinners [13], anti-inflammatory [14], anti-
tubercular [15], anti-HIV [16], and anti-cancer [17] agents.

Recently, there are reports on using C-334 as an atypical
antioxidant [18], electroosmotic flow marker for characteriza-
tion of carbon quantum dots [19], EOF marker for investigat-
ing doxorubicin encapsulation [20], and off–on catalytic
chemodosimeter for Cu2+ ions [21], to form single, binary,
ternary dye-doped PMMA thin films [22].

The solvatochromic investigations aimed at determination
of dipole moments in the ground and excited state are impor-
tant, as they furnish information about the changes in electron-
ic distribution and symmetry of the molecule in the excited
state. The μe value of the molecule is found to be helpful in
designing the non-linear optical materials. Further, it also
helps in determining the electrophilic and nucleophilic sites,
which are useful in photochemical reactions, etc. It is observed
that the electronic spectra of molecules are influenced by their
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immediate environment [2–6, 23–30]. For the determination
of dipole moments, there are numbers of methods like electric
dichroism [31], electric polarization of fluorescence [32], mi-
crowave conductivity [33], and Stark splitting [34] that are
available. However, their use is limited as they are considered
to be equipment intensive and applicable to relatively simple
molecules. On the other hand, Guggenheim’s [35] and
solvatochromic methods offer simple techniques to determine
the dipole moments of the probe molecules.

Earlier, our research group has reported on resonance en-
ergy transfer studies on derivatives of thiophene substituted
1,3,4-oxadiazoles and C-334 laser dye in different media [36].
In the present work, the ground-state dipole moment (μg) and
excited-state dipole moment (μe) of C-334 are determined
from dielectric, solvatochromic, and DFT studies, the
HOMO-LUMO energy gap, chemical hardness, and molecu-
lar electrostatic potential (MESP) plots have been studied, and
the results obtained are presented and discussed.

2 Theory

2.1 Ground-State Dipole Moment by Guggenheim’s
Method

According to Guggenheim’s [35] method, the ground-state
dipole moment (μg) is given by

μ2
g ¼

27kT
4πN ε1 þ 2ð Þ n21 þ 2

� �
" #

Δ ð1Þ

where Δ ¼ ε12−ε1
C

� �
c→0−

n212−n21
C

� �
c→0

� 	
ð2Þ

The symbols k, T, N, ɛ, C, and n represent Boltzmann’s
constant, absolute temperature, Avogadro’s number, dielectric
constant, concentration, and refractive index respectively. The
suffixes 12, 1, and 2 correspond to the solution, solvent, and
solute respectively. The symbol BΔ^ represents the difference
in the extrapolated intercepts from the plots (ɛ12 − ɛ1)/C vs. C
and (n12

2 − n1
2)/C vs. C corresponding to infinite dilution (C

→ 0). The value of ɛ12 is calculated by using Eq. (3).

ε12 ¼ C12−C1

Ca−C1
ð3Þ

where c12 is the capacitance of cylindrical cell with solution
and ca is the capacitance of cylindrical cell without solution
respectively. c1 represents connecting leads’ capacitance. The
suffixes 12, 1, and 2 refer to the solution, solvent, and solute
respectively.

2.2 Ground- and Excited-State Dipole Moments
by Solvatochromic Method

The μg and μe values are calculated using the solvatochromic
equations.

The expression for Stoke’s shift according to Lippert’s [37]
is given as

υa−υ f ¼ SF ε; nð Þ þ const ð4Þ

where F(ε, n) is Lippert’s polarity function and is given as

F ε; nð Þ ¼ ε−1
2εþ 1

−
n2−1

2n2 þ 1

� 	
ð5Þ

The expression for Stoke’s shift according to Bakhshiev’s
[38] is

Fig. 1 Molecular structure of C-334

Table 1 Dielectric constants and
refractive indices of C-334 dye in
benzene (dielectric constant and
refractive index of benzene are
ɛ1 = 2.3304 and n1 = 1.4990)

Wt.
fraction
(C)

Dielectric
const of
solution
(Ɛ12)

(Ɛ12 − Ɛ1)/
C

Refractive
index of
solution
(n12)

n12
2 (n12

2 − n12)/
C

Δ′ Δ″ Δ =Δ′ −Δ″

0.00819 2.630 36.630 1.5015 2.254 0.915 149 1.770 147.230
0.00600 2.615 47.583 1.5010 2.253 1.000

0.00400 2.488 39.450 1.5005 2.251 1.124

0.00296 2.437 36.013 1.5000 2.250 1.013

0.00098 2.417 88.367 1.4995 2.248 1.529
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υa−υ f ¼ S1F1 ε; nð Þ þ const ð6Þ

where F1(ε, n) is Bakhshiev’s polarity function and is given as

F1 ε; nð Þ ¼ 2n2 þ 1

n2 þ 2

ε−1
εþ 2

−
n2−1
n2 þ 2

� 	
ð7Þ

According to Kawski-Chamma-Viallet’s [39] equation,

1

2
υa þ υ f
� � ¼ S2F2 ε; nð Þ þ const ð8Þ

where F2(ε, n) is Kawski-Chamma-Viallet’s polarity function
and is given as

F2 ε; nð Þ ¼ 2n2 þ 1

2 n2 þ 2ð Þ
ε−1
εþ 2

−
n2−1
n2 þ 2

� 	

þ 3

2

n4−1
n2 þ 2ð Þ2

" #
ð9Þ

According to McRae’s [40] equation,

υa ¼ −S3F3 εð Þ þ const ð10Þ

where F3(ε) is McRae’s polarity function and is given as

F3 εð Þ ¼ 2 ε−1ð Þ
εþ 2

� 	
ð11Þ

From the above Eqs. (4), (6), (8), and (10), it follows that
(ῡa − ῡf) vs. F(ɛ,n), (ῡa − ῡf) vs. F1(ɛ,n), 1/2(ῡa + ῡf) vs.
F2(ɛ,n), and ῡa vs. F3(ε) should give linear graphs with slopes
S, S1, S2, and S3 and are given as

S ¼
2 μe−μg

� �2

hca30
ð12Þ

S1 ¼
2 μe−μg

� �2

hca30
ð13Þ

S2 ¼
2 μ2

e −μ2
g

� �

hca30
ð14Þ

S3 ¼
μg μe−μg

� �

hca30
ð15Þ

Table 2 Solvatochromic data of
C-334 Solvent λa (nm) λf (nm) ῡa (cm

−1) ῡf (cm
−1) ῡa − ῡf (cm−1) (ῡa + ῡf)/2 (cm−1)

Benzene 444 479 22,522.523 20,876.827 1645.696 21,699.675

Tetrahydrofuran 444 484 22,522.523 20,661.157 1861.365 21,591.840

Propane-2-ol 453 496 22,075.055 20,161.290 1913.765 21,118.173

Acetone 449 496 22,271.715 20,161.290 2110.425 21,216.503

Ethanol 451 501 22,172.949 19,960.080 2212.869 21,066.514

Methanol 453 505 22,075.055 19,801.980 2273.075 20,938.518

Acetonitrile 447 498 22,371.365 20,080.321 2291.043 21,225.843

Fig. 2 Absorption and fluorescence spectra of C-334 in ethanol Fig. 3 Fluorescence spectra of C-334 in different solvents
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where μe and μg have their usual meaning and h and c corre-
spond to Planck’s constant and velocity of light respectively.
The radius of the solute molecule Ba0^ is of the order of
3.939 Å and its value is determined by using Edward’s [41]
atomic increment method.

Assuming thatμe and μg are parallel to each other and upon
electronic transition, the symmetry of the probe molecule re-
mains same, based on Eqs. (13) and (14), one obtains

μg ¼
S2−S1
2

hca30
2S1

� 	1=2
ð16Þ

μe ¼
S1 þ S2

2

hca30
2S1

� 	1=2
ð17Þ

μe ¼
S1 þ S2
S2−S1

μg; S2 > S1ð Þ ð18Þ

If the angles between μe and μg are not parallel, then the
angle θ between the two dipole moments can be obtained from
Eqs. (16) and (17) and is given by Eq. (19).

cosθ ¼ 1

2μgμe
μ2
g þ μ2

e

� �
−
S2
S3

μ2
e−μ

2
g

� �� 	
ð19Þ

2.3 Change in Dipole Moment (Δμ) and Excited-State
Dipole Moment (μe) by Solvent Polarity
parameter EN

T

� �

This method is based on solvent polarity parameter EN
T

� �
to

estimate change in dipole moment proposed by Reichardt [42]
and developed by Ravi et al. [43]. The expression for spectral
band shift with EN

T

� �
is given by Eq. (20).

υa−υ f ¼ 11307:6
Δμ
ΔμB

� �2 aB
a0

� �3
" #

EN
T þ const ð20Þ

whereΔμB = 9D represents the change in dipole moment and
aB = 6.2 Å denotes Onsager cavity radius of reference betaine
dye molecule andΔμ and Ba^ are the respective quantities of
the probe molecule. TheΔμ can be determined from Eq. (21).

Δμ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m� 81

6:2
ao

� �3
11307:6

vuut ð21Þ

Table 3 Some physical constants
along with the calculated values
of various polarity functions

Solvent ɛ n ET
N F(ɛ,n) F1(ɛ,n) F2(ɛ,n) F3(ɛ)

Benzene 2.280 1.501 0.111 1.089 0.322 − 0.209 0.286

Tetrahydrofuran 7.580 1.405 0.207 0.987 0.312 − 0.202 0.237

Propane-2-ol 20.180 1.377 0.546 0.540 0.289 − 0.113 0.223

Acetone 21.010 1.359 0.355 0.794 0.305 − 0.174 0.213

Ethanol 24.300 1.361 0.654 0.405 0.262 − 0.076 0.214

Methanol 33.700 1.329 0.762 0.284 0.218 − 0.039 0.197

Acetonitrile 36.640 1.344 0.460 0.647 0.295 − 0.145 0.205

Fig. 5 Plot of Stoke’s shift vs. F1(ε,n) using Bakhshiev’s equationFig. 4 Plot of Stoke’s shift vs. F(ɛ,n) using Lippert’s equation
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where m is the slope from the linear plot of Stoke’s shift
vs. EN

T

� �
:

Knowing the value of Δμ and μg (from Eq. (1)), the
excited-state dipole moment (μe) can be determined from
Eq. (22).

μe ¼ Δμþ μg ð22Þ

3 Experimental

3.1 Materials Used

The laser dye C-334 is procured from Sigma-Aldrich, USA,
and is used without any further purification. The molecular
structure of C-334 is given in Fig. 1. All the solvents benzene,
tetrahydrofuran (THF), propane-2-ol, acetone, ethanol, meth-
anol, and acetonitrile are procured from S.D. Fine Chem. Pvt.
Ltd., India, and are of spectroscopic grade. The various solu-
tions were prepared at a fixed solute concentration of the order

of 10−5 M in order to minimize self-absorption and aggrega-
tion formation.

3.2 Methods

The ɛ values of the various solutions are determined using a
calibrated brass cell by using LCR Data Bridge (Aplab MT-
4080D) at 10 kHz frequency. The refractive indices of various
dilute solutions are determined by using Abbe’s refractometer.
Absorption and emission spectra were recorded using Specord
200 plus spectrophotometer and Hitachi F-7000 spectrofluo-
rometer respectively. Theoretical computations were per-
formed using DFT with basis sets B3LYP/6-31G (d).

4 Results and Discussions

4.1 Determination of Ground- and Excited-State
Dipole Moments from Different Methods

The ɛ values of the different solutions (ɛ12) are calculated by
using Eq. (3). The refractive indices for various concentrations
(n12) are measured using Abbe’s refractometer and the results
are given in Table 1.

Table 4 Slopes, intercepts, and correlation coefficients

Correlations Slope
(cm−1)

Intercepts
(cm−1)

Correlation
coefficient

Lippert’s correlation 2046.370 1588.162 0.846

Bakhshiev’s correlation 736.617 1589.584 0.879

Kawski-Chamma-Viallet’s
correlation

1880.671 22,338.521 0.829

McRae’s correlation 322.477 22,718.182 0.834
Fig. 7 Plot of ῡa vs. F3(ɛ) using McRae’s equation

Fig. 8 Plot of Stoke’s shift vs. EN
T

� �
Fig. 6 Plot of arithmetic mean of Stoke’s shift vs. F2(ɛ,n) using Kawski-
Chamma-Viallet’s equation
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Then from the knowledge of experimentally measured
values of dielectric constant and refractive index of benzene
and C-334 solutions, using Eq. (1), the μg value is calculated
according to Guggenheim’s method and the result is presented
in Table 5.

The absorption and emission maxima, Stoke’s shift, and
arithmetic mean of Stoke’s shift values in different solvents
are presented in Table 2.

The absorption spectra of C-334 in ethanol and fluores-
cence spectra of C-334 in different solvents are shown in
Figs. 2 and 3 respectively. From Fig. 3, it is observed that
the emission maxima undergo a bathochromic shift as the
polarity of solvent increases and this indicates the spectral
transition to be π → π*.

From Table 2, it is observed that, for different solvents of
increasing polarity, the absorption maxima show shifts from
22,522 to 22,075 cm−1 and emission maxima show shift from
20,876 to 19,801 cm−1. Further, it is observed that the spectral
shift in the emission spectra is large compared to the absorp-
tion spectra. This suggests that in the ground state, the probe
molecule is less polar compared to the excited state. It is also
noticed from Table 2 that there is a considerable increase in
Stoke’s shift (ῡa − ῡf) with increasing solvent polarity from
2291 to 1645 cm−1, which indicates that there is an increase
in the dipole moment in the excited state compared to the
ground state.

The dielectric constants, refractive indices, and EN
T

� �
values along with calculated values of various polarity func-
tions are presented in Table 3.

The plots, Stoke’s shift vs. F(ɛ,n), Stoke’s shift vs. F1(ε,n),
arithmetic mean of Stoke’s shift vs. F2(ɛ,n), ῡa vs. F3(ɛ), and
Stoke’s shift vs. EN

T are presented in Figs. 4, 5, 6, 7, and 8
respectively.

The statistical data like slopes, intercepts, and correlation
coefficients are reported in Table 4. It is observed that the

correlation coefficient values are around 0.8–0.9, which indi-
cates a good linearity for the respective plots.

From the solvatochromic method using the slopes S1 and
S2, the value of μg from Eq. (16), the value of μe from Eq.
(17), and their ratio μe/μg from Eq. (18) are calculated and are
given in Tables 5, 6, and 7 respectively. Further, by substitut-
ing the value of μg determined experimentally from
Guggenheim’s method in Eqs. (12) to (15), the excited-state
dipole moments (μe) according to Lippert’s, Bakhshiev’s,
Kawski-Chamma-Viallet’s, and McRae’s methods are calcu-
lated and are given in Table 6. Using the slope calculated from
Stoke’s shift vs. solvent polarity parameter EN

T

� �
, the excited-

state dipole moment and change in dipole moment are calcu-
lated using Eqs. (22) and (21) respectively and the results are
tabulated in Tables 6 and 7.

It is observed from Table 5 that there is a good agreement
between μg values determined from Guggenheim’s and
solvatochromic methods. As is evident from Table 6, the μe
determined by using Bakhshiev’s, Kawski-Chamma-Viallet’s,
and solvatochromic methods are found to be in good agree-
ment with each other. The μe calculated using solvent polarity
parameter EN

T

� �
is found to be smaller than the excited-state

dipole moment determined using Bakhshiev’s, Kawski-
Chamma-Viallet’s, and solvatochromic methods. This may
be due to the reason that these methods do not take into ac-
count specific solute-solvent interactions like hydrogen bond-
ing, complex formation, and molecular aspects of solvation,
whereas they are incorporated in the solvent polarity parame-
ter EN

T

� �
method [27]. The excited-state dipole moment (μe)

determined from Lippert’s and McRae’s methods is found to
be higher compared to the other methods and it may be attrib-
uted to non-accountability of polarizability in these methods
[5]. From Tables 5 and 6, it is noticed that the excited-state
dipole moments (μe) determined from all the methods are
found to be higher than the experimental ground-state dipole
moment (μg) determined from Guggenheim’s and
solvatochromic methods. The higher values of μe indicate that
the probemolecule C-334 is more polar or stable in the excited
state than the ground state. Further, it is also observed from
Table 7 that the Δμ values determined from solvatochromic
and EN

T

� �
methods are higher. The higher values of μe andΔμ

suggest that the probe molecule is more polar or stable in the
excited state than the ground state and indicate the existence of
more relaxed excited state [41, 42].

Table 5 Ground-state dipole moments by DFT, Guggenheim’s, and
solvatochromic methods

Ground-state dipole moment (μg) (D) from

DFT computations Guggenheim’s method
Eq. (1)

Solvatochromic method
Eq. (16)

8.501 1.086 1.642

Table 6 Excited-state dipole
moments by solvatochromic
correlations

Excited-state dipole moment (μe) (D) from

Lippert’s
equation

Eq. (12)

Bakhshiev’s
equation

Eq. (13)

Kawski-Chamma-
Viallet’s equation

Eq. (14)

Solvatochromic
method

Eq. (17)

Solvent polarity
parameter

Eq. (22)

McRae’s
equation

Eq. (15)

4.614 3.205 3.550 3.757 2.342 4.681
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From Table 7, the angle between μg and μe is found to be
zero. This suggests that the μg and μe are parallel to each other
and the symmetry of the molecule remains unchanged upon
electronic transition [39].

4.2 Computational Analysis

The absorption and emission spectra of the probe C-334 for all
the studied solvents were computed by usingGaussian 09W in
order to compare the maxima values with the experimental
results. For this purpose, the probe molecule is optimized for
the ground and excited state using DFT and TD-DFTwith the
basis sets B3LYP/6-31G (d) combined with conductor-like
polarizable continuum model (CPCM) solvation model.
Further, by using the theoretically computed absorption and
emission maxima values, the electronic transition energy for
absorption as well as emission were calculated and are tabu-
lated in Table 8. The electronic transition energy values were
also determined for the experimental absorption and emission
maxima of the probe molecule and are given in Table 8.

From Table 8, it is observed that the experimental and
theoretical electronic transition energies for both absorption
and emission are found to be in good agreement with each
other. In case of absorption, the difference in the experimental
and theoretical transition energy is of the order of 0.32 to
0.37 eV, where as in case of emission, it is of the order of
0.27 to 0.39 eV respectively. The experimental transition en-
ergies undergo a blue shift in case of absorption as well as
emission. Further, it is interesting to note that the theoretical
transition energies computed using TD-DFT/CPCM solvation

model and the experimental energy values exhibit the similar
trend. From Table 2, it is observed that as the polarity of the
solvent increases, Stoke’s shift increases. From Table 8, it is
also observed that as the polarity of the solvent increases,
theoretically computed transition energy difference between
absorption and emission also increases. From these results, it
is noticed that the TD-DFT/CPCM solvation studies repro-
duce the similar trend as observed experimentally.

The ground-state dipole moment of the probe molecule in
the gaseous state is also estimated theoretically by using DFT
with basis sets B3LYP/6-31G (d) and the result is presented in
Table 5. The optimized molecular geometry of C-334 mole-
cule along with the direction of dipole moment is shown in
Fig. 9.

It is observed from Tables 5 and 6 that the theoretically
computed μg value is higher than the experimental μg value.
It is to be noted that the experimental methods take solvent
and environmental effects like solute-solvent interactions into
account, whereas the ab initio computations are based on gas-
eous phase [27, 43].

Further, in order to analyze the solute-solvent interactions,
the ground- and excited-state dipole moments were also esti-
mated theoretically for all the studied solvents by using
CPCM solvation model and the results are given in Table 9.

From Table 9, it is noticed that the ground-state dipole
moment values for each of the solvents are found to be higher
than the ground-state dipole moment value of the probe mol-
ecule in the gaseous phase (Table 5). The increase in the dipole
moment value is due to the consideration of environmental
effects like solute-solvent interactions in the CPCM solvation

Table 7 Change in dipole
moment, ratio, and angle between
ground and excited-state dipole
moments

Change in dipole moment (Δμ) (D) from Ratio of excited- and ground-
state dipole moment

Angle between
μg and μe

Molecule Solvatochromic
method

Eqs. (16)–(17)

Solvent polarity
parameter

Eq. (21)

μe/μg
Eq. (18)

θ in degree

Eq. (19)

C-334 2.115 1.252 2.288 0

Table 8 Experimental and theoretical electronic transition energies of
C-334

Solvent Absorption Emission

Eexpt (eV) Etheory (eV) Eexpt (eV) Etheory (eV)

Benzene 2.793 3.150 2.589 2.980

Tetrahydrofuran 2.793 3.113 2.562 2.835

Propane-2-ol 2.737 3.100 2.500 2.787

Acetone 2.762 3.106 2.500 2.787

Ethanol 2.749 3.104 2.475 2.782

Methanol 2.737 3.109 2.455 2.775

Acetonitrile 2.774 3.105 2.490 2.785 Fig. 9 Ground-state optimized molecular geometry of C-334. The arrow
mark indicates the direction of dipole moment
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model. Further, the excited-state dipole moment values were
found to be higher than the corresponding ground-state dipole
moment values for all the solvents and this suggests that the
probe molecule is more polar in the excited state than the
ground state. It is interesting to note that the computational
studies also reproduce the similar trend as observed experi-
mentally. However, the theoretically computed ground- and
excited-state dipole moments were found to be higher than
the experimental dipole moments.

The 3D plots of HOMO and LUMO of C-334 molecule are
shown in Fig. 10.

The HOMO, LUMO energies and HOMO-LUMO energy
band gap (ΔE) value for the probe molecule are presented in
Table 10. The optical band gap Eopt

g is determined from ab-

sorption threshold wavelength and the result is also tabulated
in Table 10. It is observed that the HOMO-LUMO energy
band gap is in order with the experimental optical energy band

gap. The lower values of energy gap for the probe molecule
also support the observed higher values of excited-state dipole
moments.

The determination of HOMO-LUMO energies also helps
in understanding the chemical stability of a molecule in terms
of a parameter known as chemical hardness (η). The mole-
cules possessing large HOMO-LUMO energy gap are consid-
ered as hard, whereas molecules possessing small HOMO-
LUMO energy gaps are considered as soft molecules [41,
42]. The chemical hardness (η) of a molecule [44] is deter-
mined from Eq. (23).

η ¼ EL−EH½ �
2

ð23Þ

where EH and EL are the HOMO and LUMO energies.
The chemical hardness (η) estimated for the probe mole-

cule is given in Table 10. The small values of chemical hard-
ness (η) and HOMO-LUMO energy gaps suggest that the
molecule may be considered as soft molecule [41]. These
results also support the observed higher values of μe.

The molecular electrostatic potential (MESP) plots provide
the information for determining a suitable position for nucle-
ophilic and electrophilic attack along with the hydrogen bond-
ing interactions of solvent. The MESP 3D plot of the probe
molecule C-334 is shown in Fig. 11. In this plot, different
colors correspond to different values of electrostatic potential
at the surface. The red color represents negative phase, which
can be related to the electrophilic site, and blue color

Table 9 Dipole moments of C-334 in different solvents computed using
CPCM model

Solvent Ground-state dipole
moment (μg) (D)

Excited-state dipole
moment (μe) (D)

Benzene 10.451 12.733

Tetrahydrofuran 12.056 14.299

Propane-2-ol 12.658 14.832

Acetone 12.657 14.831

Ethanol 12.702 14.879

Methanol 12.752 14.931

Acetonitrile 12.766 14.784

HOMO LUMO

Fig. 10 HOMO-LUMO 3D plots
of C-334

Table 10 Chemical hardness (η) and energy band gap values of C-334

From DFT computations From absorption spectrum Chemical hardness (η)

Molecule HOMO (eV) LUMO (eV) ΔEa (eV) Eopt
g

� �
b (eV)

C-334 − 5.441 − 1.917 3.524 2.649 1.762

aHOMO-LUMO energy band gap obtained using DFT-B3LYP/6-31G (d), ΔE =HOMO-LUMO (eV)
bOptical energy band gap calculated from the equation Eopt

g = (hc/λ) = 1240/λ (eV), where λ is the edge wavelength in nm of the UV-Vis absorption

spectrum (468 nm in benzene for C-334)
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represents positive phase, which corresponds to nucleophilic
site. From Fig. 11, it is observed that the MESP plot of probe
molecule shows negative phases around 5,6-dihydropyran-2-
one and propan-2-one, whereas positive phases around all
hydrogen atoms.

5 Conclusions

In the present study, in order to investigate the solvatochromic
behavior and dipole moments, the absorption and fluores-
cence spectra of C-334 were recorded in different solvents.
The μg value of the probe molecule is determined using
Guggenheim’s and solvatochromic methods. It is observed
that the μg determined from these methods are found to be
in agreement with each other. The excited-state dipole mo-
ments (μe) are determined by using Lippert’s, Bakhshiev’s,
Kawski-Chamma-Viallet’s, solvatochromic, solvent polarity
parameter, and McRae’s equations. The μe values determined
from Bakhshiev’s, Kawski-Chamma-Viallet’s, and
solvatochromic methods are found to be in good agreement
with each other. Further, μe values determined from different
solvatochromic correlations like Lippert’s, Bakhshiev’s,
Kawski-Chamma-Viallet’s, McRae’s, and solvent polarity pa-
rameter are found to be higher than the experimental ground-
state dipole moments for the probe molecule under investiga-
tion. The changes in dipole moment values (Δμ) were found
to be higher. This suggests that the probe molecule C-334 is
more polar or stable in the excited state than in the ground
state and indicates the existence of more relaxed excited state.
It is observed that the angle between μg and μe is found to be
zero degree, which suggests that μg and μe are parallel to each
other and there is no change in the symmetry upon electronic
transition.

The absorption and fluorescence emission of the probe C-
334 were investigated theoretically with the help of Gaussian
09W for all the studied solvents using TD-DFT combined

with CPCM solvation model and were compared with the
experimental results. It is observed that there is a good agree-
ment between the theoretical and experimental results.
Further, the ground- and excited-state dipole moments were
also estimated for all the studied solvents by using CPCM
solvation model and are compared with the experimental
results.

The HOMO-LUMO energy band gaps determined from
DFT computations and from optical energy band gap are
found to be in order with each other. The chemical hardness
(η) investigations suggest that the molecule exhibits the soft
nature. The computational studies performed using DFT im-
ply that the probe molecule exhibits both nucleophilic and
electrophilic sites.
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