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Amino acid appended azobenzene hybrid was synthesized and characterized using Spectroscopic tech-
niques like 1H NMR, 13C NMR, FT-IR and Mass spectrometry analysis and its optical properties were
investigated using UV–vis absorption and fluorescence spectroscopy in solvents of different polarity.
Based on solvent refractive index and relative permittivity, by using the theory of solvatochromism,
the excited-state (μe) and ground-state (μg) dipole moments was determined for (E)-4-((4-
(heptyloxy)phenyl)diazenyl)benzyl((benzyloxy)carbonyl)glycinate (Gly-Azo-O7) based on the varia-
tion of Stokes shift as an effect of various solvent's. A bathochromic shift observed in absorption and
emission spectra with increasing solvent polarity, which implied that the transition involved is π → π*.
The ground state and excited state dipole moments were also calculated and compared using experimen-
tal and DFT calculations.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Azodyes are one of the important class of photoresponsivematerials
due to their inherent property to undergo cis-trans isomerization and
also an important class of colorants [1]. But there are few aspects
which require a deeper study, especially amino acid derived azo dye de-
rivatives. Amino acids are the most abundant materials present which
make them most versatile materials for the synthesis of functional ma-
terials which can be used for various application in materials as well as
in pharmaceutical field [2].

The photophysical properties of the azo dye derivatives have been
widely explored [3]. In this context photophysical studies of the mole-
cules especially estimation of excited and ground state dipole moment
calculations and effect of different solvent polarity remains an area of
great interest and have gained tremendous advancement due to their
wide range of application in various fields. For instance, fluorescent
probe method is now extensively used for studying cells, proteins, and
tissues [4,5]. Hence in order to understand their structure it is important
we use solvatochromic shifts method for the estimation of the ground
and excited state dipole moments of a molecule [6–17]. Thus the local
dielectric constant may be determined by these equations from the
spectral position of the electronic spectra [18–23] based on the
ant).
knowledge of the dipole moments. Thusly solvents effect on the steady
state spectral properties of organic fluorophores have been a subject of
ongoing investigation [24–29] as they also have applications in the field
of photophysics and photochemistry.

Estimation of ground and singlet excited-state dipole moments are
based on the spectral shift caused externally by electrochromism or in-
ternally by solvatochromism. Methods such as electric polarisation of
fluorescence [30] and electric dichroism [31] are generally considered
to be very accurate; however, their use is limited and has so far been re-
stricted to rather small or simple molecules. Hence solvatochromism is
a widely accepted and incomplex experimental method [30–35], as no
external field is used [36,37]. Thus providing a reliable method [38–
43] to estimate ground and excited state dipole moment based on the
shift of the absorption and fluorescence maxima in various media.
Thus insight of electronically excited dipole moments of organic mole-
cules is generally useful in the derivation of parameters like molecular
polarizability in non-linear optical materials (NLO) [44] using electro-
optic methods and also in the design of new molecules.

In continuation to our research to study the ground and excited
state dipole moment of different molecular systems we have reported
the study on excited state and ground state dipole moment of quinine
sulfate monocation (QS+) [45], quinine sulfate dication (QS2+) [46],
quinidine (Qd+), quinidine dication (Qd2+) [47], 6-methoxyquinoline
6MQ [35], and coumarin derivative [N-(2-oxo-2H-chromen-4-
yl)imino]triphenyl-phosphorane [48] and (S)-(1-((7-hydroxy-2-oxo-
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Scheme 2. Synthesis of ethyl (E)-4-((4-heptyloxy)phenyl)diazenyl)benzoate.
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2H-chromen-4-yl) methyl)-1H-1,2,3-triazol-4-yl)methyl 2-(((9H-
fluoren-9-yl)methoxy) cabonylamino)-3-phenylpropanoate [49],
cinchonidine and cinchonidine dications [50] using solvatochromic
shift method. We observed a large change in dipole moment of these
molecules in the excited state compared to the ground state.

There have been reports on the Solvatochromic and calculation of
the ground state and excited state dipole moment calculation of the
azo dyes [51–54], but there is no report on the Solvatochromic study
of the amino acid appended azobenzene derivatives. In the view of the
above discussion we here in report the synthesis of amino acid
appended azo dye hybrid (Gly-Azo-O7) and estimation of its ground
state and excited state dipole by the solvatochromic shift method
using Bakhshiev [55] and Bilot–Kawski [56,57] correlations and theoret-
ically using Density Function Theory (DFT).

2. Experimental

2.1. Materials

All the chemicalswere purchased fromSigma-Aldich, Alfa Aesar, and
Spectrochem India Pvt. Ltd. and used without further purification. All
the solvents used were HPLC grade or AR (purchased from Alfa Aesar).
Ethyl 4-aminobenzoate (1) and Phenol (2) were purchased from com-
mercial source and compound 3,was synthesized according to reported
protocol (Scheme 1) [58] and was characterized using 1H NMR and 13C
NMR. (for the spectral data please see the supporting information).

2.2. Instrumentation

Nuclear magnetic resonance spectra (NMR), the 1H NMR were re-
corded on Bruker 400 MHz spectrometer and 13C NMR spectrometer
was recorded on Bruker AMX 100 MHz solid state NMR spectrometer.
Melting points were determined on a capillary point apparatus
equipped with a digital thermometer and are uncorrected. Reactions
were monitored by using thin layer chromatography (TLC) on 0.2 mm
silica gel F254 plates (Merck). High resolution mass spectrometry
(HRMS) was performed with a waters synapt G2 HDMS instrument
using time-of-flight (TOF-MS) with ESI/APCI- hybrid quadrupole. FT-IR
was taken on ABB Bomen MB 3000 FTIR for gelator and freeze dried
gels, using KBr disk technique. Absorption spectra were taken with the
help of dual beam JASCO V-570 UV/Vis/NIR spectrophotometer and
fluorescence spectra were recorded with the help of Shimadzu, RF-
5301PC spectrofluorometer. The data were analyzed using related soft-
ware. The spectral shifts obtained with different sets of samples were
identical in most of the cases and values were within ±1.0 nm. Data
were analyzed and were fitted to a straight line using Origin 6.1 soft-
ware. Density of theprobewas estimated byACD/Chemsketch software.
The concentration of Gly-Azo-O7 in all the solutions prepared in differ-
ent solvents was 10−4 M.

2.3. Synthesis

2.3.1. Synthesis of ethyl (E)-4-((4-(heptyloxy)phenyl)diazenyl)benzoate
(4, Scheme 2)

To the stirred solution of 3 (1 g, 3.5 mmol) in acetone K2CO3 (1.2 g,
8.7 mmol) was added at 0 °C. the reaction mixture was stirred for
15mins at 0 °C after which 1-bromo heptane (0.75 g, 4.2 mmol) was
added and the reaction was refluxed for 16 h. The completion of the
Scheme 1. Synthesis of (E)-4-((4(heptyloxy)phenyl)diazenyl)benzyl((benzyloxy)carbonyl)
glycinate (Gly-Azo-O7).
reaction was monitored by TLC. After the completion of the reaction,
the reaction mixture concentrated under reduced pressure and water
(50 mL) was added. The formed precipitate was filtered under suction
to yield crude product which was recrystallized using ethanol to yield
pure product as orange solid (1.02 g, 84.2%).

1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 8.7 Hz, 2H), 7.94 (dd, J =
15.6, 8.9 Hz, 4H), 7.04 (d, J = 9.0 Hz, 2H), 4.43 (q, J = 7.1 Hz, 2H),
4.07 (t, J = 6.6 Hz, 2H), 1.90–1.80 (m, 2H), 1.55–1.47 (m, 2H), 1.45 (t,
J = 7.1 Hz, 3H), 1.42–1.29 (m, 6H), 0.93 (t, J = 6.9 Hz, 3H). 13C NMR
(101 MHz, CDCl3) δ 166.2, 162.3, 155.3, 146.8, 131.5, 130.5, 125.2,
122.3, 114.8, 68.4, 61.2, 31.8, 29.2, 29.1, 25.9, 22.6, 14.4, 14.1. FT-IR
(KBr, υ, cm−1) 2916, 2847, 1713, 1504, 1466, 1295, 841.

2.3.2. Synthesis of (E)-(4-((4-(heptyloxy)phenyl)diazenyl)phenyl)methanol
(5, Scheme 3)

To a solution of LAH (0.154mg, 4.07mmol), in dry THF (20mL) at 0 °
C, to this solution 4 (0.500 mg, 1.35 mmol). The reaction mixture was
stirred at room temperature for 2 h. after completion of the reaction,
the reactionwas cooled to 0 °C and quenched by adding 1 NNaOH solu-
tion (30mL). Subsequently ethyl acetate (20mL)was added and the re-
action was filtered through celite and extracted using ethyl acetate
(20 mL × 2). The organic layer was dried over sodium sulfate and con-
centrated under reduced to give crude productwhichwas recrystallized
using ethanol to give pure product as orange solid (371 mg., 83.8%).

Mp: 118.5–119 °C 1H NMR (400 MHz, CDCl3) δ 7.88 (dd, J = 14.5,
8.6 Hz, 4H), 7.48 (d, J = 8.3 Hz, 2H), 6.99 (d, J = 9.0 Hz, 2H), 4.76 (s,
2H), 4.03 (t, J = 6.6 Hz, 2H), 1.84–1.78 (m, 2H), 1.51–1.41 (m, 2H),
1.37–1.27 (m, 7H), 0.89 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3)
δ 161.8, 152.3, 146.8, 143.1, 127.5, 124.8, 122.8, 114.7, 68.4, 64.9, 31.8,
29.4, 29.3, 26.0, 22.7, 14.1. FT-IR (KBr, υ, cm−1) 3055, 2924, 2854,
1713, 1597, 1466, 1281, 1250, 1142, 841.

2.3.3. Synthesis of (E)-4-((4-(heptyloxy)phenyl)diazenyl)benzyl
((benzyloxy)carbonyl)glycinate (Gly-Azo-O7, 7, Scheme 4)

To the stirred solution of Cbz-glycine (6) (269 mg, 1.28 mmol) in
DCM (20 mL), DMAP (13.07 mg, 0.107 mmol) was added at 0 °C and
subsequently EDC.HCl (307.67 mg, 1.6605 mmol.) and HOBt
(163.86 mg, 1.07 mmol.) was added. The reaction mixture was stirred
for 15 min. at 0 °C, after which, 5 (350 mg, 1.07 mmol.) was added
and the reaction was stirred at room temperature for 6–8 h. The com-
pletion of the reaction was monitored by TLC. After the completion of
the reaction, the reactionmixturewas dilutedwithwater and extracted.
Organic layer was separated and dried over anhydrous sodium sulfate
and evaporated under reduced pressure to give crude product which
was recrystallized using ethanol to yield pure product 7 (442 mg,
78.8% ) as orange solid. Synthesis of Gly-Azo-O7, 7 is shown in
Scheme 1.

1H NMR (400 MHz, CDCl3) δ 7.91 (dd, J= 17.9, 8.7 Hz, 4H), 7.49 (d,
J = 8.3 Hz, 2H), 7.41–7.32 (m, 5H), 7.03 (d, J = 9.0 Hz, 2H), 5.36–5.27
(m, 1H), 5.27 (s, 2H), 5.16 (s, 2H), 4.07 (dd, J = 12.1, 5.9 Hz, 4H),
1.89–1.80 (m, 2H), 1.55–1.46 (m, 2H), 1.43–1.30 (m, 6H), 0.93 (t, J =
Scheme 3. Synthesis of (E)-(4-((4-(heptyloxy)phenyl)diazenyl)phenyl)methanol.



Scheme 4. Synthesis of (E)-4-((4-(heptyloxy)phenyl)diazenyl)benzyl ((benzyloxy)
carbonyl)glycinate.
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6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 169.8, 161.9, 156.3, 152.8,
146.8, 137.1, 136.2, 129.0, 128.6, 128.3, 128.2, 124.9, 122.8, 114.7, 68.4,
67.2, 66.8, 42.9, 31.8, 29.2, 29.1, 26.0, 22.6, 14.1. HRMS (ESI): m/z
[M + H]+ calcd for Chemical Formula: C30H36N3O5: 518.2654 found:
518.2631; FT-IR (KBr, υ, cm−1) 3340, 2932, 2862, 1751, 1690, 1528,
1250, 1157, 841.
2.4. Experimental calculations of ground and excited state dipole moments

The movement of absorption and fluorescence spectra of a solute
molecule is allied to its reciprocal actionwith the solvent. These interac-
tions can be non-specific, when they depend only on multiple and po-
larizability properties of solute and solvent molecules. The bulk
dielectric constant (ε), refractive index (η) of the solvent and spectro-
scopic shifts can be used, for the estimation of ground and excited
state dipole moments of the molecule, since they strongly affect the di-
pole moment. The dipole moment of a molecule in the excited-state is
determined by the effect of an electric field (internal or external) on
its spectral band position. On the basic of quantum-mechanical second
order perturbation theory, Bilot and Kawski [56,57] derived two expres-
sions for solvatochromism as a function of refractive index and permit-
tivity of various solvents, which are given as Bakhshiev's formula [55]

va−v f ¼ S1 F1 ε;ηð Þ þ const: ð1Þ

Here va and v f are the wavenumbers of the absorption and emission
maxima respectively.

F1 the bulk solvent polarity function and S1 the slope are defined as
follows:

F1 ε;ηð Þ ¼ 2η2 þ 1
η2 þ 2

ε−1
εþ 2

−
η2−1
η2 þ 2

� �
ð2Þ
Fig. 1. Gas phase optimized structure of (Gly
and

S1 ¼
2 μe−μg

� �2

hca0
3 ð3Þ

here we denote the Planck's constant, c is the velocity of light in vacu-
um, μg is thedipolemoment in the excited singlet state, a0 is theOnsager
cavity radius, ε is the solvent dielectric constant and ɳ is the solvent re-
fractive index.

Bilot–Kawski formula [56,57]

va þ v
2

¼ −S2 F2 ε;ηð Þ þ const: ð4Þ

Here the meaning of symbols is same as given above except for F2
and S2 which are defined as follows

F2 ε;ηð Þ 2η2 þ 1
2 η2 þ 2ð Þ

ε−1
εþ 2

−
η2−1
η2 þ 2

� �
þ 3
2

η4−1

η4 þ 2ð Þ2
" #

ð5Þ

and

S2 ¼
2 μe

2−μg
2

� �
hca0

3 ð6Þ

The parameters S1 and S2 are the slopes which can be calculated
from Eqs. (1) and (4) respectively. Assuming the ground and excited
states are parallel, the following expressions are obtained using Eqs.
(3) and (6) [27]

μg ¼ S2−S1
2

hca0
3

2S1

" #1=2

ð7Þ

μe ¼
S1 þ S2

2
hca0

3

2S1

" #1=2

ð8Þ

and

μe ¼
S1 þ S2j j
S2−S1j j μg ð9Þ
-Azo-O7) at B3LYP/6–31 + G(d,p) level.



Fig. 3. Fluorescence spectra of in dimethyl sulfoxide, isopropanol, xylene and cyclohexane.
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The value of solute cavity radius (a0) was calculated from themolec-
ular volume according to Suppan's equation [11]

a0 ¼ 3M
4πδN

� �1=3 ð10Þ

2.5. Computational details

We have used Density Functional Theory (DFT) [59,60] based calcu-
lation to compute the ground and excited state dipole moment along
with the Onsager radii of the compound Gly-Azo-O7. Gaussian09 pro-
gram suit [61] is used throughout the calculation. The ground state ge-
ometry optimization are performed using B3LYP [62] method and 6–
31 + G(d,p) basis sets. Here, incorporation of diffuse function in the
basis sets enhanced the accuracy of computational calculations. Subse-
quently, frequency calculation is also performed at the same level (i.e.,
B3LYP/6–31+G(d,p)) to ensure the globalminima for optimized struc-
ture of the compound Gly-Azo-O7. First excited state TD-DFT calcula-
tions are performed on the ground state optimized geometry of the
compound at B3LYP/6–31+G(d,p) level. The solute-solvent interaction
ismodeled for various solvents using integral equation formalismpolar-
izable continuummodel (IEF-PCM) [63] considering the self-consistent
reaction field (SCRF) [64] method as implemented in Gaussian09. The
cavity is build using UA0 radii. The United Atom Topological Model is
implemented on atomic radii of the UFF force field for heavy atoms.
The Hydrogen atoms are also considered in the sphere of the heavy
atom to which they are attached through covalent bonding interaction.
The optimized structure of the compound is reported in Fig. 1.
GaussView05 [65] visualization software has been used to generate vi-
sual graphics of the theoretical calculations.

3. Result and discussion

3.1. 1H NMR spectra

The 1H NMR spectra of 4 showed in CDCl3 at room temperature
showed a clear triplet at δH 4.07 indicating the presence of a CH2 at-
tached to phenolic –OH and presence of a triplet at δH 0.93 indicating
the presence of a methyl group suggesting that the attachment of the
alkyl chain to 3. The 1H NMR spectra of 5 showed a disappearance of
quartet at δH 4.43 and a triplet at δH 1.45 and the appearance of a singlet
at δH 4.76 indicating the reduction of ester functionality to alcohol. Sim-
ilarly coupling of Cbz-glycine with 5 showed a change in the 1H NMR
Fig. 2. Normalized absorption spectra of in dimethyl sulfoxide., ethanol and cyclohexane.
spectra of 7 indicating the presence of a multiplet of –NH showing suc-
cessful synthesis of Gly-Azo-O7.

3.2. Solvent effect on the electronic absorption spectra

The steady state absorption was recorded in different organic sol-
vents ranging from protic polar to aprotic polar and to non-polar sol-
vents at room temperature are shown in Fig. 2. The absorption
maximumwas obtained in the range of 349 nm to 356 nm. The absorp-
tion band shows a modest shift (2–7 nm) implying that the solvent ef-
fect is negligible for the molecules in the ground state toward solvent
polarity. It can also be seen that the first absorption band centered at
349–356 nmare assigned to π→ π* transitions due to the delocalization
in aromatic rings.

3.3. Solvent effect on the electronic emission spectra

The fluorescence spectra for Gly-Azo-O7 in different organic sol-
vents are shown in Fig. 3. The investigated compound shows single
emission band in all solvents except for cyclohexane. The low intensity
emission band observed in cyclohexane around 400 nm can be ascribed
to partly forbidden n→ π* electronic transition which are due to the in-
teraction of lone pair of nitrogen atomswith the solvent. The first emis-
sion band of Gly-Azo-O7 is in the range of 362 nm to 423 nm. As we
increase the solvent polarity from cyclohexane to methanol to DMSO
the emission maximum are shifted to longer wavelengths from
362 nm to 413 nm to 423 nm respectively. The bathochromic shift
from 362 nm to 423 nm corresponding to 61 nm shift confirms a
π→ π* electronic transitions which are borne out from the conjugation
between the azo bridge (-N=N-) and aromatic ring system [66–68]. On
increasing the solvent polarity the stoke shift value enhances from
1012 cm−1 to 4449 cm−1 for cyclohexane to DMSO respectively, thus
the magnitude of stokes shifts is also a indicative of intramolecular
Table 1
Different solvent parameters and spectral data of Gly-Azo-O7 in different solvents.

Solvent ε η F1 F2 va−v f (cm
−1) vaþv f

2 (cm−1)

DMSO 46.4 1.4780 0.866 0.756 4449 25865
Acetonitrile 37.5 1.3284 0.892 0.680 3916 26589
Methanol 32.7 1.3280 0.887 0.667 4751 26591
Ethanol 24.5 1.3614 0.812 0.652 4170 26535
Isopropanol 20.3 1.3856 0.779 0.651 4058 26599
Ethyl acetate 6.1 1.3724 0.489 0.497 4384 26347
Xylene 2.4 1.5054 0.0277 0.354 2788 26775
Cyclohexane 2.0 1.420 −0.0065 0.284 1012 28131



Table 2
Experimentally calculated Dipole moment data of Gly-Azo-O7 in ground and excited
states.

Molecule a0 (Å) S1 (cm−1) S2 (cm−1) μg (D) μe (D) Δμ (D) μe/μg

Name 6.33 2741 −2956 1.74 8.2 6.46 4.71

Fig. 4. Plot for Stokes shift versus solvent polarity function F1.for in (1) DMSO, (2)
acetonitrile, (3) methanol, (4) ethanol, (5) isopropanol, (6) ethylacetate, (7) xylene and
(8) cyclohexane.
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charge transfer. These data implies that the molecule is influences by
parameters such as polarity, hydrogen bond donor-acceptor strength.
The hypochromic shift associated with decrease in solvent polarity im-
plies that the charge distribution between the ground state and the ex-
cited state due to strong intermolecular interactionswith polar solvents.
Thus reveals that the molecule is more stabilized in the excited state in
polar solvents than the ground state implying that the expected excited
state dipole moment will be higher.

3.4. Solvation effect on absorption and emission electronic spectra

Solvation effects show that different solvent polarities have various
consequences on fluorescence spectra whereas in UV–vis spectra the
protic polar nature seems to be of utmost importance. It was also no-
ticed that DMSO cause rising of absorbance in Gly-Azo-O7 compared
to other solvents and also exalts the same behavior in fluorescence
emission. Such behavior highlights the role of hydrogen bonding be-
tween solute and solvent [69] since Kamlet-Taft parameters of these
solvents show that DMSO are strong hydrogen bond acceptors. Thus
the interaction of amine group with solvent molecules, which act as
both hydrogen acceptor/donor groups, can explain the solvation on
spectra of Gly-Azo-O7. The increase in solvent polarity can be explained
Fig. 5. Plot for arithmetic average of absorption and fluorescence wave numbers versus
solvent polarity function F2 for in (1) DMSO, (2) acetonitrile, (3) methanol, (4) ethanol,
(5) isopropanol, (6) ethylacetate, (7) xylene and (8) cyclohexane.
by the destabilization of secondary amine group (Scheme 1) leading to
the stabilization of the planar state initializing hydrogen bonding and
π → π stacking in the secondary amine and azo benzene group which
causes a constrain in the motion of hydrophobic tale. Solvation of the
secondary amine groupwith hydrogen bond acceptor like DMSO causes
planar conformation of Gly-Azo-O7. In this case the lone pair of the ni-
trogen atom and a hydrogen atom of amine group of the azo benzene
unit is involved in hydrogen bonding.

3.5. Experimental calculations of ground and excited state dipole moments

To study the solvatochromism of Gly-Azo-O7, the spectral parame-
ters are found to be correlated by employing Bilot–Kawski and
Bakhshiev's linear correlations. To get further insight spectroscopic
properties are correlated with relevant solvent polarities scale. Solvent
polarity function have been F1(ε, ɳ) ,F2 (ε, ɳ) and spectral shift va−vf

and ðva−vf Þ=2 have been tabulated in Table 1 in order to estimate the
ground state and excited state dipole moment of the molecule. Thus,
Figs. 4 and 5 shows graphs of stokes shifts va−vf and ðva−vf Þ=2 with
solvent polarity fuctions F1(ε, ɳ) and F2 (ε, ɳ) respectively.

The slopes S1 and S2 obtained from the graphs were 2741 and
−2956 respectively, are used to obtain the ground and excited state di-
polemoments in accordance to Eqs. (7) and (8). The solute cavity radius
(ao) was calculated using Eq. (10), ao was found to be 6.33 Å. The exper-
imental ground and excited state dipole moment are 1.74 (D) and 8.2
(D) respectively and have been summarized in Table 2, this confirms
that the dye is more polar in their excited singlet state than in the
ground state, which is in agreement with the better stabilization
under excitation that is consistentwith, stokes shifts data. . Furthermore
due to change in electron densities in the ground and excited state the
dipole moment is different in these states. Thus it is evident that the ex-
cited state dipole moment is higher than that of the ground state dipole
moment suggesting that the emission of this dye originates from a state,
which is more polar than the ground state, is probably intramolecular
charge transfer (ICT) in excited state.

3.6. Theoretical calculations of ground and excited state dipole moments

Theoretically calculated ground and excited state dipole moment
values in gas phase as well as four different solvents are reported in
Table 3. It is worthmentioning here that, the experimental and theoret-
ical calculations of the excited state dipole moment are in an qualitative
Table 3
Dipole moment (Debye) calculated at the B3LYP/6–31 + G(d,p) level of theory for Gly-
Azo-O7.

Solvent Dielectric
constant

Ground state dipole
moment (μg)a

Excited state dipole
moment (μe)b

Gas – 7.8267 7.6066
Acetonitrile 35.9 9.2146 8.4318
Benzene 2.27 8.5352 8.2718
Cyclohexane 2.01 8.4543 8.1965
Dimethyl
sulfoxide

46.4 9.2392 8.9242

a μg ground state dipole moment values computed at B3LYP/6–31 + G(d,p) level of
theory for gas phase and also the same level of theory using IEF-PCM model along with
UA0 radii for solvents.

b μe excited state dipolemoment values computed from single point TD-B3LYP/6–31+
G(d,p) level (on the gas phase optimized geometry of the compound) for gas phase and
also the same level of theory using IEF-PCM model along with UA0 radii for solvents.



Fig. 6. The gas phase ground and excited state HOMO-LUMO structures of Gly-Azo-O7 at
B3LYP/6–31 + G(d,p) level.

1027T.V. Y et al. / Journal of Molecular Liquids 221 (2016) 1022–1028
agreement with each other in gas and solvent phase. Although, the the-
oretically obtained ground state dipole moment values are significantly
higher than the experimental one, normally, this is a usual theoretical
artefact in case of compounds having long hydrocarbon chain. An inher-
ent limitation of DFT formalism (that cannot take care the nonbonding
interactions) greatly alters the electronic distribution in the particular
system and this became significantly uneven. Perhaps, this attributes
virtual increase in the polarity to the system which is quite different
from the real one. Again, a poor electron correlation is also responsible
for the variation of dipole moment in the system. It is also assumed
that the theoretical methods containing higher level of electron correla-
tion will significantly improve the computed dipole moment values.
[70] Perhaps, a higher order basis sets is also very essential for the great-
er accuracy [71].
Fig. 7.Visual representations of the computedmolecular electrostatic potential (MEP) and
solvent accessible surface area (SASA) of Gly-Azo-O7 at B3LYP/6–31 + G(d,p) level.
But, in case of a relatively large system like Gly-Azo-O7, application
of higher order method and relatively large size basis sets introduce
many fold increases the computational cost. So, at a reasonable compu-
tational cost along with moderate accuracy B3LYP (method) and 6–
31 + G(d,p) (basis sets) combination produced dipole moment values
that are reasonably good in case of qualitative assessment. It is also ob-
served that while moving from gaseous to solvent phases the dipole
moment values are increased. It is quite obvious that, in the vicinity of
solvent, a sharp increase in the intermolecular solute-solvent interac-
tion leading toward an enhanced of dipole moment values.

With the increase of solvent polarity the value of the dipolemoment
is also increasing (Table 3). The ground and excited state HOMO-LUMOs
are reported in Fig. 6 along with their corresponding energy gaps. We
have observed that the HOMO-LUMO energy gap has been slightly in-
creased in the excited state. The molecular electrostatic potential
(MEP) along with solvent accessible surface area (SASA) maps are re-
ported in Fig. 7. The colour of the surface in case of MEP indicates the
variation of electron density (per unit volume) at different points on
the system. The red zone indicates the presence of higher electron den-
sity and the lighter zone reflects the electron deficient areas in the
molecule.

4. Conclusion

In the present work, we have reported the solvent effect by examin-
ing dipole moments of Gly-Azo-O7 in three groups of various solvents
viz. non-polar, protic polar and aprotic polar experimentally and
thoeritically. A red shift is observed upon increasing the polarity of the
solvent indicating a π → π* transition. We also observed a forbidden
n → π* transition in emission spectra of solute in cyclohexane. The
probe poses higher dipole moment in the excited state (μe) compared
to the ground state (μg) indicating that the probe in excited state is
more polar than in the ground state. And the values of excited state di-
pole moment are in agreement experimentally and theoretically.
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Appendix A. Supplementary data

1H NMR and 13C NMR can be obtained free of charge from the online
version, at doi: http://dx.doi.org/10.1016/j.molliq.2016.06.045.
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