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Abstract. A series of ﬁve novel dyes based on indolo[2,3-b]quinoxaline skeleton, derived from anthraquinone,
have been synthesized through cyclo-condensation reaction in good yield. The photophysical, electrochemical
and thermal properties along with computed HOMO-LUMO energy levels were studied for the synthesized
compounds. Their absorption and photoluminescence properties were investigated in various solvents and in
neat solid ﬁlm and found to possess characteristic electronic absorption and emission spectra which strongly
depend on the nature of solvents used. Compounds show intramolecular charge transfer transitions (ICT) in
the range of 501–561 nm with high molar absorption coefﬁcient (ε). These indoloquinoxaline derivatives emit
in the range of 580–648 nm in solutions and 672–700 nm (red region) in neat solid ﬁlms. Electrochemical data
indicate that the dyes possess relatively low–lying LUMO levels in the range −3.29 to −3.43 eV. The thermal stability observed for these compounds suggests their use under ambient conditions. The in–built donor–
acceptor architecture and HOMO–LUMO energies were further rationalized using DFT calculations. This study
suggests that these compounds have potential to be used as n–type materials for optoelectronic devices.
Keywords. Indolo[2,3-b]quinoxaline; Intramolecular charge transfer (ICT); Donor-Acceptor architecture;
n–type materials.

1. Introduction
Over the last few decades, research on small π–conjugated organic molecules has witnessed widespread
attention for their technological applications in optoelectronic devices such as ﬁeld-effect transistors,1 light
emitting diodes2 and photovoltaic devices.3 The advantages of using small π–conjugated organic molecules
are well-deﬁned chemical structure and ﬁnite-size systems that can be obtained with high purity and solutionprocessability,4,5 thus offering the advantages to enable
them to be printed or coated onto light weight, ﬂexible substrates, which in turn allows for easy storage, transportation and installation measures.6 Further
advancement and growth of organic electronics towards
commercialization is due to development of cost–
effective organic π-conjugated materials that can be
readily accessed from raw materials, through a sustainable synthesis with easy puriﬁcation.7 One of the
key design principles for the construction of small
π–conjugated molecule is using molecular materials
featuring donor–acceptor (D–A) architecture. D–A
∗ For
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architecture has built-in intramolecular charge transfer that facilitates manipulation of electronic structure
leading to small band gap semiconducting materials.8
D–A architecture can also extend conjugated systems
with efﬁcient photoinduced charge transfer and separation for photovoltaic devices9 and to bipolar charge
transport materials for light-emitting diodes,10 lasers,11
and other applications. Altering in D–A structures have
allowed the optical,12 nonlinear optical,13 redox,12,14
and electroluminescent15 properties to be tuned over a
wide range. From this perspective we have synthesized
a novel highly tuneable small π-conjugated donor–
acceptor molecule based on Indolo[2,3-b]quinoxaline
(IQ). Indolo[2,3-b]quinoxaline (IQ) and their derivatives are very important class of nitrogen containing
heterocyclic compounds and have been widely used in
medicinal chemistry as an anti-viral,16 anti-cancer,17
anti-microbial,18 anti-bacterial19 agents and as photoinitiators.20,21 Recently, indolo[2,3-b]quinoxaline are
also studied for their application in optoelectronic
devices.22 (Chart S1, in Supporting Information).
Most of the indoloquinoxaline derivatives that have
been synthesized and studied for optoelectronic application are functionalized over 8th or 9th position of
483
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Chart 1. Synthesized indoloquinoxaline–based dyes.

indole subunit but substitution of groups affecting electronic properties of indoloquinoxaline molecule, at
quinoxaline segment, are very rare and have not been
studied extensively. In this paper, we report the study of
a series of ﬁve new dyes, for which structures are based
on indolo[2,3-b]quinoxaline (IQ) skeleton derived from
anthraquinone (Chart 1) and their photophysical, electrochemical and thermal properties for their possible
application in organic electronics.
Attempts were also made to understand the electronic
structure of the newly synthesized dyes using DFT calculations. Synthesis and selection of the molecule is
based on the consideration that the indoloquinoxaline
segment is a built–in donor–acceptor chromophore as
it contains the electron–rich indole unit fused with the
electron–deﬁcient quinoxaline moiety.22a Also, IQs are
known for their strong solvent-dependent photophysical
properties showing large ﬂuorescence red shifts upon
passing from non-polar to polar solvents and protic solvents at room temperature.21 Moreover, the introduction
of more electronegative napthaquinone moiety into the
indoloquinoxaline core rearranges the donor–acceptor
unit in the newly synthesized molecules. We expect that
the optoelectronic properties of the synthesized dyes
can be tuned by introducing electron–donating (–CH3 )
and electron–withdrawing (–Br, –NO2 ) substituents.
2. Experimental
2.1 Materials and Methods
All the reagents were purchased from commercial sources
(Sigma Aldrich and Alfa Aesar) and were used without further puriﬁcation. The organic solvents were of analytical

or spectroscopic grade and were dried and freshly distilled
using the standard procedures whenever anhydrous solvents
were required. 1 H-NMR (600 MHz) spectra were recorded
on a Varian 600 MHz spectrometer with tetramethylsilane
(TMS) as internal reference and residual CHCl3 in CDCl3
as reference 13 C-NMR (75 MHz) spectra were recorded on
a Bruker Avance II 300 MHz Ultrashield spectrometer with
tetramethylsilane (TMS) as internal reference and residual
CHCl3 in CDCl3 and DMSO-d6 as reference. Fourier transform infrared (FT–IR) spectra were recorded on a Perkin
Elmer Frontier 91579. Mass spectrometric measurements
were recorded using MALDI–TOF (Bruker). Melting points
of the products were determined by differential scanning
calorimeter on Staree system Mettler Toledo DSC. Cyclic
voltammetry and differential pulse voltammetry were carried out on a computer controlled PalmSens 3 potentiostat/galvanostat. Typically, a three electrode cell equipped
with a glassy carbon working electrode, Ag/AgCl (non–
aqueous) reference electrode and platinum (Pt) wire as
counter electrode were employed. The measurements were
carried at room temperature in anhydrous acetonitrile with
tetrabutyl ammonium hexaﬂuorophosphate solution (0.1 M)
as supporting electrolyte with scan rate of 100 mV s−1 . The
potential of Ag/AgCl reference electrode was calibrated by
using ferrocene/ferrocenium redox couple. Absorption and
ﬂuorescence data were acquired using ∼10−5 M solutions
of 1–5. UV-Visible spectra were recorded on SHIMADZU
U.V-A114548 and ﬂuorescence studies were done on Horiba
Fluorolog 3 at room temperature. The ﬂuorescence quantum
yields (F ) were calculated relative to tetraphenylporphyrin
(F = 0.12).23 The neat solid-ﬁlms of compounds 1–5 were
prepared by drop cast method using ∼6 mg mL−1 of the sample in acetone. Quartz substrate was used for neat solid ﬁlm
studies. Thermal studies were performed under inert atmosphere. The thermo gravimetric analysis (TGA) was performed using Perkin Elmer Pyris Diamond TG/DTA with
a heating rate of 10◦ C min−1 under nitrogen atmosphere.

Indolo[2,3-b]quinoxaline based dyes as n–type materials
Computational studies were performed using Gaussian 03
software package and the structures were optimized in
gaseous state using B3LYP as an exchange correlation functional with 6–311G basis set.

2.2 Synthesis
The synthesis of target compounds is shown in Scheme 1.
The synthesis of molecules 1–5 were completed in two steps.
Firstly, isatin derivatives were alkylated at their N–position
to increase the solubility of the target molecules and later,
the 5–methylated isatin derivatives were reacted with 1,2diaminoathraquinone in acetic acid for 1–2 h to produce
the desired cyclocondensed product. The ﬁve target compounds were obtained in good yield (72–78%) as deep red
solids. The identity and purity of all the new compounds
were conﬁrmed by several characterization methods such as
1
H–NMR, 13 C–NMR, MALDI–TOF mass, FTIR etc.

2.2a General procedure for methylation and benzylation:
Methylation and benzylation of isatin and its derivatives
were done by reported procedures.24 To a mixture of
isatin (1.61 g, 10 mmol) in anhydrous DMF (30 mL) was
added K2 CO3 (3.45 g, 25 mmol) at room temperature. After
30 min, iodomethane (1.25 mL, 20 mmol) or benzylbromide
(2.37 mL, 20 mmol) was added, and stirring was continued
at room temperature for 12 h. The reaction mixture was
quenched by slow addition of water. The resulting solid
obtained by vacuum ﬁltration was washed thoroughly with
water to give N−methylated and N−benzylated product of
isatin and its derivatives.

2.2b General method of synthesis of compounds 1–5: In
a two-necked round bottom ﬂask equipped with reﬂux
condenser and magnetic stirrer 1,2–diaminoanthraquinone
(1.0 mmol) and 5-Substituted-1-methyl-1H -Indole-2,3-dione
(1.2 mmol) were dissolved in glacial acetic acid (10 mL).
The reaction mixture was thoroughly stirred at the reﬂux
temperature for 1–2 h. Reaction mixture was cooled to
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room temperature and neutralized with sodium hydrogen carbonate to pH7. The resulting solid obtained by
vacuum ﬁltration was washed thoroughly with H2 O and
left overnight for air drying. The crude product obtained was
further puriﬁed by silica gelcolumn chromatography.
2.2c 9–methyl–5H–indolo[2,3–b]naphtho[2,3–f]quinoxaline–5,15(9H)–dione 1: A mixture of 1,2–diaminoanthraquinone (0.28 g, 1.0 mmol) and 1−methyl−5H−indoline−2,
3−dione (0.19 g, 1.2 mmol) were reacted in glacial acetic
acid (10 mL) as mentioned in the general method. The crude
solid thus obtained was puriﬁed by column chromatography
using hexane/chloroform 10/90 to obtain a deep red solid.
Yield: 72.8% (0.26 g); M.p: 239◦ C; FTIR (KBr, ν/cm−1 ):
3426.74, 3237.72, 1705.53, 1651.62, 1489.18, 1293.65,
1104.73, 1001.62, 814.00, 713.84; 1 H-NMR (600 MHz,
CDCl3 25◦ C) δ, ppm: 3.23 (s, 3H, CH3 ), 6.70 (d, 1H, ArH, J
= 7.2 Hz), 6.88 (d, 1H, ArH, J = 8.4 Hz), 7.15 (t, 1H, ArH, J
= 7.2 Hz), 7.43 (t, 1H, ArH, J = 7.8 Hz), 7.54 (d, 1H, ArH,
J = 7.2 Hz), 7.73 (m, 2H, ArH), 7.81 (s, 1H, ArH), 8.21
(d, 1H, ArH, J = 7.2 Hz), 8.33 (d, 1H, ArH, J = 7.2 Hz);
13
CNMR (75 MHz, DMSO-d6 25◦ C) δ, ppm: 26.28, 108.64,
109.02, 121.37, 122.75, 122.98, 124.98, 125.81, 126.48,
128.32, 128.57, 130.90, 133.09, 133.26, 133.79, 134.42,
135.99, 139.22, 142.79, 143.76, 147.82, 179.70, 182.00;
MALDI-TOF: mass calcd for C23 H13 N3 O2 [M+]: 363.37;
found: 363.18; anal. Calcd for C23 H13 N3 O2 : C, 76.02; H,
3.61, N, 11.56%. Found: C, 76.35; H, 3.58; N, 11.52%.
2.2d 9,12−dimethyl−5H−indolo[2,3−b]naphtho[2,3-f]
quinoxaline–5,15(9H)−dione 2: A mixture of 1,2–
diaminoanthraquinone (0.28 g, 1.0 mmol) and 1,5−dimethylindoline−2, 3−dione (0.21 g, 1.2 mmol) were reacted
in glacial acetic acid (10 mL) as mentioned in the general
method. The crude solid thus obtained was puriﬁed by
column chromatography using chloroform to obtain a deep
red solid. Yield: 78.4% (0.29 g); M.p: 273◦ C; FT-IR (KBr,
ν/cm−1 ): 3425.39, 3238.60, 1711.27, 1650.07, 1488.03,
1321.03 1291.80, 1095.13, 751.81, 714.17, 491.96; 1 HNMR
(600 MHz, CDCl3 25◦ C) δ, ppm: 2.33 (s, 3H, CH3 ), 3.23 (s,
3H, CH3 ), 6.69 (d, 1H, ArH, J = 8.4 Hz), 6.77 (d, 1H, ArH,

Scheme 1. Scheme for the preparation of indoloquinoxaline dyes 1–5.
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J = 7.8 Hz), 7.22 (t, 1H, ArH, J = 8.4 Hz), 7.36 (s, 1H,
ArH), 7.75 (m, 2H, ArH), 7.79 (s, 1H, ArH,), 8.22 (d, 1H,
ArH, J = 7.2 Hz), 8.34 (d, 1H, ArH, J = 7.8 Hz); 13 CNMR
(75 MHz, DMSO-d6 250 C) δ, ppm: 20.33, 26.29, 108.56,
108.77, 121.32, 122.72, 125.50, 125.80, 126.46, 128.30,
129.46, 129.93, 130.89, 132.19, 133.07, 133.25, 133.81,
134.44, 141.28, 142.76, 147.80, 172.30, 179.65, 181.97;
MALDI-TOF: mass calcd for C24 H15 N3 O2 [M+]: 377.12;
found: 378.21; anal. Calcd for C24 H15 N3 O2 : C, 76.38; H,
4.01, N, 11.13%. Found: C, 76.65; H, 3.88; N, 10.92%.
2.2e 12−bromo−9−methyl−5H−indolo[2,3−b]naphtho
[2,3−f]quinoxaline−5,15(9H)-dione 3: A mixture of 1,2–
diaminoanthraquinone (0.28 g, 1.0 mmol) and 1−methyl−
5−bromo–indoline−2,3–dione (0.28 g, 1.2 mmol) were
reacted in glacial acetic acid (10 mL) as mentioned in
the general method. The crude solid thus obtained was
puriﬁed by column chromatography using chloroform to
obtain a deep red solid. Yield: 73.2% (0.32 g); M.p: 278◦ C;
FTIR (KBr, ν/cm−1 ): 3417.20, 3229.61, 1710.49, 1658.32,
1493.24, 1364.97, 1275.99, 1167.77, 762.94, 714.04;
1
HNMR (600 MHz, CDCl3 25◦ C) δ, ppm: 3.22 (s, 3H,
CH3 ), 6.72 (d, 1H, ArH, J = 7.8 Hz), 6.78 (d, 1H, ArH, J =
8.4 Hz), 7.56 (d, 1H, ArH, J = 8.4 Hz), 7.68 (s, 1H, ArH),
7.75 (m, 3H, ArH), 8.22 (d, 1H, ArH, J = 7.8 Hz), 8.34 (d,
1H, ArH, J = 7.8 Hz); 13 CNMR (75 MHz, DMSO-d6 25◦ C)
δ, ppm: 26.40, 108.87, 111.14, 114.63, 121.58, 122.26,
122.65, 125.82, 126.49, 127.72, 128.86, 127.72, 130.71,
133.12, 133.31, 133.42, 133.76, 134.38, 142.51, 143.04,
147.54, 179.74, 182.07; MALDI-TOF: mass calcd for
C23 H12 BrN3 O2 [M+]: 441.01; found: 442.89; anal. Calcd
for C23 H12 BrN3 O2 : C, 62.46; H, 2.73, N, 9.50%. Found: C,
62.23; H, 2.58; N, 9.32%.
2.2f 9−methyl−12−nitro−5H−indolo[2,3−b]naphtha[2,
3−f]quinoxaline−5,15(9H)−dione 4: A mixture of 1,2–
diaminoanthraquinone (0.28 g, 1.0 mmol) and 1−methyl−
5−nitro–indoline−2, 3−dione (0.24 g, 1.2 mmol) were
reacted in glacial acetic acid (10 mL) as mentioned in the
general method. The crude solid thus obtained was puriﬁed
by column chromatography using chloroform/ethyl acetate
90/10 to obtain a deep red solid. Yield: 74.7% (0.30g); M.p:
289◦ C; FT-IR (KBr, ν/cm−1 ): 3417.20, 3229.61, 1621.50,
1483.62, 1275.99, 1019.46, 704.42, 556.11; 1 HNMR (600
MHz, CDCl3 25◦ C) δ, ppm: 3.18 (s, 3H, CH3 ), 6.67 (d, 1H,
ArH, J = 7.8 Hz), 6.73 (d, 1H, ArH, J = 8.4 Hz), 7.52
(d, 1H, ArH, J = 8.4 Hz), 7.63 (s, 1H, ArH), 7.71 (m, 3H,
ArH), 8.18 (d, 1H, ArH, J = 7.8 Hz), 8.39 (d, 1H, ArH, J
= 7.8 Hz); 13 CNMR (75 MHz, DMSO-d6 25◦ C) δ, ppm:
34.85, 108.50, 109.65, 110.88, 111.14, 111.88, 112.50,
122.59, 125.42, 127.31, 128.12, 128.72, 130.85, 131.59,
138.09, 139.26, 139.93, 142.04, 147.53, 152.14, 152.63,
184.29, 186.84; MALDI-TOF: mass calcd for C23 H12 N4 O4
[M+ ]: 408.09; found: 409.63; anal. Calcd for C23 H12 N4 O4 :
C, 67.65; H, 2.96, N, 13.72%. Found: C, 67.46; H, 3.18; N,
13.59%.

2.2g 9−benzyl−5H−indolo[2,3−b]naphtho[2,3−f]quinoxaline−5,15(9H)−dione 5: A mixture of 1,2–diaminoanthraquinone (0.28 g, 1.0 mmol) and 1-benzylindoline-2,
3-dione (0.28 g, 1.2 mmol) were reacted in glacial acetic acid
(10 mL) as mentioned in the general method. The crude solid
thus obtained was puriﬁed by column chromatography using
hexane/chloroform 10/90 to obtain a deep red solid. Yield:
71.6% (0.31 g); M.p: 277◦ C; FT-IR (KBr, ν/cm−1 ): 3423.69,
3234.36, 1712.89, 1484.71, 1293.75, 980.76, 712.96; 1 H
and 13 C-NMR could not be obtained because of very poor
solubility of this compound in common organic solvents;
MALDI-TOF: mass calcd for C29 H17 N3 O2 [M+ ]: 439.13;
found: 439.16; anal. Calcd for C23 H12 N4 O4 : C, 79.26; H,
3.90; N, 9.56%. Found: C, 78.92; H, 4.24; N, 9.73%.

3. Results and Discussion
3.1 Photophysical Properties
The photophysical behavior of compounds 1–5 were
examined by measuring absorption and emission spectra in neat solid ﬁlms and in solvents of varying
polarity, viz., toluene, dichloromethane, ethylacetate,
acetonitrile, ethanol and dimethylsulphoxide (DMSO).
The aim of this study was to explore effects of solvent polarity on photophysical properties of the dyes
and to correlate these effects with their structures. The
pertinent data are listed in Table 1 and Table (S1–S5)
(Supporting Information). The absorption and emission
spectra recorded for the dyes 1–5 in dichloromethane
are shown in Figure 1. The absorption spectra of
core indolo[2,3-b]quinoxaline molecule is known to
exhibit well-resolved absorption peaks at 290, 330,
355 and 420 nm.22a,d The longer wavelength absorption
(420 nm) corresponds to the charge transfer from indole
to quinoxaline segment while the shorter wavelength
bands originate from the π − π* and n−π* transitions.
Invariably all the molecules exhibit different absorption proﬁles compared with that of core indolo[2,3b]quinoxaline molecule and feature three primary
absorption bands at ∼262, ∼322 and ∼510 nm. Among
these transitions, the two at higher energy absorptions
are probably originating from localized electronic excitations by the entire molecule due to π–π* and n–π*
transitions, while the lower energy band is attributable to the charge transfer transition (ICT) from electron
donating indole unit to electron accepting naphtho[2,3f ]quinoxaline-7,12-dione segment (Figure 1, Table 1).
A deep orange–red emission is observed for all of the
derivatives in dichloromethane (Figure 1).
Effect of the nature of substitution (R1 = CH3 , Br,
NO2 ) attached to these dyes on photophysical properties
is exhibited as shift in the long–wavelength ICT absorption band and emission maximum in 1–5. The presence
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Table 1.
Compound
1
2
3
4
5
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Photophysical data of compounds 1–5 in DCM.
λabs ,a nm (log ε, M−1 cm−1 )

λaem , nm

λabs ,b nm

λbem , nm

Stokes shift,a cm−1

cf

Egd , eV

252 (5.11), 312 (4.14), 501 (4.46)
261 (5.07), 322 (4.14), 504 (4.35)
262 (5.07), 322 (4.14), 508 (4.38)
263 (5.34), 333 (4.19), 529 (4.74)
262 (5.11), 322 (4.19), 506 (4.44)

589
592
598
612
598

273, 451, 634
302, 482, 665
273, 555
269, 565
-

672
688
692
700
-

2982
2949
2962
2563
3040

0.041
0.051
0.041
0.022
0.036

2.21
2.23
2.21
2.16
2.16

In DCM; b In neat solid ﬁlm; c Quantum yield w.r.t tetraphenylporphyrin (F = 0.12); d Optical band gap estimated using
emission and excitation spectra in toluene.

a

Figure 1. Absorption (a) and emission (b) spectra of compounds 1–5 in DCM.

of electron withdrawing –NO2 substituent in compound
4 showed bathochromic shift in ICT and emission maximum compared to that of 1 having no substitution,
while the presence of electron donating –CH3 group in 2
showed a comparative blue shift compared to that of
1 in both absorption and emission spectra. While the
substitution of benzyl group at indole nitrogen in 5 did
not show any major change in photophysical properties
compared to 1. This effect of substitution on the photophysical properties can be correlated with the observations seen in the DFT studies as change in HOMO
molecular orbitals after substitution compared with
HOMO of 1; whereas, LUMO orbitals are not found to
be affected by the effect of substituent in the dyes.
In order to further probe the nature of the ICT and
emission transitions in these dyes, we have measured
the solvent dependence of the absorption and emission
spectra of 1–5. The solvent effect in 1–5 is expressed
as positive solvatochromism; i.e., bathochromic shift in
ICT transitions by ∼40 nm by varying the polarity of
solvent (Figure 2). To our surprise, a prominent high
energy electronic excitation at ∼390 nm was observed
in toluene and ethyl acetate for 1, 2 and 3. The emission
maxima show pronounced bathchromic shift of ∼60 nm
on increasing the polarity of the solvent as illustrated

for compound 2 in Figure 2. The most red shifted emission for each dye was observed for DMSO solution with
substantial reduction in the ﬂuorescence intensity (see
Supplementary Information).
The absorption ICT and emission characteristics
were found to be dependent on the dielectric constant
of the medium. With increase in solvent polarity, the
excited-state structure of the dye becomes more stabilized than the ground state, since the excited state
is more dipolar than the ground state which results in
stabilization of the dye molecules in the solvent like
DMSO having high dielectric constant and thus demonstrating a decrease in the energy level of the excited
state.25 Also, the excited state appears to be more polar
than the ground state in view of the large Stokes shifts
reaching to values of ∼2950 cm−1 as observed for these
compounds (Table 1). A reasonably large Stokes shift
is also desirable for the application in electroactive
devices as it ensures the reduction of self–absorption.
Moreover, anomalous behavior of the dyes was
observed in the polar protic solvents, like ethanol, with
increase in absorption, emission maxima and Stokes
shift and decrease in band gap. It is explainable based
on the earlier reported properties of indoloquinoxalines
(IQ) as the mechanism of S1 radiationless depopulation
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Figure 2. Normalized absorption (a) and emission (b) spectra of compound 2 in various solvents.
Table 2.
Compound
1
2
3
4
5

Electrochemical and thermogravimetric analysis (TGA) data of compounds 1–5.
Eox (V)a

Ered (V)b

HOMOc (eV)

LUMOd (eV)

Eeg (eV)a

Tfm (◦ C)

Td (◦ C)

1.79, 2.19
1.90
1.94
1.77, 2.26
1.89, 2.24

−1.42, −2.38
−1.55, −2.19
−1.41, −2.56
−1.45, −2.01
−1.53, −2.19

−6.53
−6.64
−6.68
−6.51
−6.63

−3.32
−3.19
−3.33
−3.29
−3.21

3.21
3.45
3.35
3.22
3.42

239
273
278
289
277

295
292
140
237
334

g

Oxidation peak potential. b Reduction peak potential. c EHOMO = −(E[ox vs Fc/Fc+ ] + 5.1) eV. d ELUMO = −(E[red vs Fc/Fc+ ] + 5.1)
f
g
eV. e Ecv
g = EHOMO – ELUMO . Melting points determined by DSC. Decomposition temperature obtained from the onset of
derivative weight loss curve.

a

for these molecules are completely different in aprotic and protic solvents which could be explained as
decrease in the radiative rates (inter–system crossing)
and enhanced (fast) internal conversion from S1 (π −
π*) for the protic solvents.21
The quantum yields of dyes 1–5 are strongly dependent on the polarity of the solvent and the molecular
structure and were found to be low, varying from 0.051
to 0.008 (Table 2) w.r.t tetraphenylporphyrin (F =
0.12).23 With increase in polarity of the solvent, the
quantum yields of 1–5 were reduced. The presence
of electron withdrawing –NO2 group in 4 results in
decrease in quantum yield and band gap compared to
the presence of electron donating –CH3 substituent in 2.
Further, with increase in solvent polarity, optical band
gap of the dyes reduces demonstrating greater stabilization of the dyes in the excited state by polar solvent molecules. Absorption and emission spectra of 1–
5 in neat solid ﬁlms revealed red-shifted absorption and
emission bands compared to the spectra in solutions.
It may be due to aggregation of molecules in the
solid state.26 Compound 5 could not be used in thin

ﬁlm absorption and emission studies as it did not
produce uniform neat solid ﬁlm due to poor solubility
in common organic solvents.

3.2 Electrochemical Study
The redox propensities of 1–5 were examined in acetonitrile solution and energy levels of the frontier
orbitals determined by means of cyclic voltammetry
(CV) and differential pulse voltammetry (DPV). The
cyclic voltammograms of 1–5 were recorded by using
ferrocene as internal standard and these are shown in
Figure 3. The pertinent parameters are collected in
Table 2. The redox properties are nearly similar for
all compounds. An irreversible ﬁrst oxidation wave
for 1–5 was observed in the range 1.79–1.94 V, probably originating from indole subunit. The oxidation
potential of indole unit was found to be more positive
than observed for core indoloquinoxaline molecule due
to the presence of electron–withdrawing naphtho[2,3f ]quinoxaline-7,12-dione segment. A second oxidation
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Figure 3. (a) Cyclic Voltammogram of compounds 1–5; (b) full scan of compound 1 in acetonitrile.

wave at higher oxidation potential was seen in range
of 2.19–2.26 V for compounds 1, 4 and 5 which may
be due to the oxidation of quinoxaline moiety. When
scanning to negative potentials, all the molecules underwent a quasi-reversible reduction at −1.41 to −1.51 V
originating from the quinoxaline segment and an irreversible reduction at −2.01 to −2.56 V which is typical reduction of carbonyl groups of anthraquinone.27,14b
The reduction potential due to quinoxaline segment in
these molecules is shifted to more negative value than
those for simple quinoxaline derivatives22f which indicates the role of electron–withdrawing napthoquinone
segment.
From the ﬁrst oxidation and reduction potential,
the HOMO and LUMO energy levels of 1–5 were
calculated (Table 2) and were found in the range
−6.51 to −6.68 eV and −3.29 to −3.42 eV, respectively by setting Fc/Fc+vac at −5.1 eV vs. vacuum15,28a
indicating low lying LUMO energy levels. The low
lying LUMO energy levels in the range −3.0 to
−4.0 eV is essential for the efﬁciency and stability
of n-type materials.29 The LUMO energy levels of
the dyes 1–5 are found to be lower than that of the
most widely used electron–transport (small n-type)
materials; such as metal chelates like Alq3 (tris(8hydroxyquinoline)aluminium) (LUMO = 3.10 eV)30
organic materials such as 2,4,7,9-tetraphenylpyrido
[2,3-g]quinolone (LUMO = 3.10 eV)31 2,5-di([1,
10-biphenyl]-4-yl)-1,1-dimethyl-3,4-diphenyl-1H -silole
(LUMO = 3.30 eV)32 and some polymers such as polyquinoxalines (LUMO = 3.0–3.24 eV)33 polyphenylquinoxalines andthiophene linked polyphenylquinoxalines (LUMO = 3.0–3.30 eV),34 thus making these
molecules as potential candidates for electron–transport
materials.

3.3 Thermal Studies
The thermal properties of the dyes were studied by
both thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The melting points (Tm )
of 1–5 were determined by DSC, displaying one sharp
endothermic peak and were found in the range of 239–
289◦ C. The observed thermal stability data are compiled in Table 2. Decomposition temperature for these
compounds was calculated using the onset of weight
loss in TGA and found to be in the range of 216–363◦ C
(corresponding to 5% weight loss). TGA revealed that
1–5 are thermally stable materials, and the onset of the
decomposition (Td ) occurred above 230◦ C, except compound 3 (140◦ C). Thermograms of 1–5 are given in supplementary information. The order of thermal stability among compounds 1–5 is 4<2<1<3<5. No glass
transition temperature was observed in 1–5.

3.4 Computational study
Quantum chemical calculations were performed using
the Gaussian 03 software package35 to determine the
electronic structure of the synthesized dyes. The geometries for each molecule was obtained from the initial
guess structure and optimized fully by the DFT in the
gas state within the B3LYP hybrid exchange correlation
functional and 6-311G basis set. Computationally calculated frontier molecular orbital diagrams in ground
state for 1–5 are shown in Figure 4.
We would like to point out here that even though the
formal density functional theory is exact, the formalism given by Kohn-Sham (KS) makes the KS orbital
energies more mathematical than physical. However,
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Figure 4. Schematic representation of theoretically calculated frontier molecular orbitals of compounds 1–5.

it may be noted that this method has been applied to a
large variety of problems starting from simple molecules to large molecules and extended systems.12b,22
To test the effect of basis set, we have also carried out
calculation for all the molecules with an enhanced basis
set 6-311+G* which includes one diffuse function and
one polarization function. The HOMO, LUMO values
as well as the HOMO–LUMO gap are within 5% of
those computed by the 6-311G basis which are within
the accuracy of the density functional methods. The values for HOMO, LUMO energies for these two basic
functions are given in Supplementary Information.
HOMO orbital of 1–5 are found to be spread through
out the indoloquinoxaline segment. While LUMO
orbitals are mainly on the benzoquinone and partially
on quinoxaline moiety. The location of HOMO/LUMO
in 1–5 suggest an in-built donor–acceptor couple for
the dyes, commonly observed for molecules having
donor-acceptor architecture and indicates the reason for
the appearance of prominent ICT peak in the absorption spectra. The effect of substitution in DFT studies was seen as alteration of the HOMO orbitals in
the molecules. In compounds 2–4, HOMO molecular
orbitals are found to reside over entire indoloquinoxaline segment and also on the substituent attached
to the indole unit. Whereas, in compound 1 with no
substitution, HOMO orbitals were mainly conﬁned
over quinoxaline and pyrrole ring while benzene ring
of indole unit does not bear any HOMO orbitals.
However, substitution to indoloquinoxaline segment

was not found to alter the LUMO orbitals of the
molecules.
The values of ionization potential and electron afﬁnity were determined using vertical parameters. The
ﬁrst ionization potential and the electron afﬁnity has
been computed by the following method; the electron
afﬁnity (EA) is computed as:
EA = −(Eneutral − Eanion )
and the ionization potential (IP) is computed as:
IP = (Eneutral − Ecation )
Where, Eneutral , Eanion and Ecation are the energies of
neutral, anionic and cationic forms of the molecule.
The energies of the HOMO and LUMO levels,
HOMO−LUMO gap, ﬁrst ionization potential, electron
afﬁnity and ground–state dipole moment were computed for the dyes 1–5 and collected in Table 3. The
HOMO and LUMO energy level of the compounds
occur in the ranges of −6.11 to −6.81 and −3.22 to
−3.56 eV, respectively, and are in close agreement with
those calculated using CV data. The theoretically calculated low lying LUMO values support experimental
data and thus, these compounds may be effective as
electron–transport layer and can be used as n-type materials for optoelectronic devices. The energy band gaps
for the dyes are found in the range of 2.89–3.25 eV. The
dipole moment calculated for 1–5 in gas phase are small
but it was found to be higher for compound 4 (5.85 eV)
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Table 3. Computed Ionization potential, Electron afﬁnity, HOMO−LUMO energy levels,
Energy band gap and Dipole moment of 1–5.
Compound
1
2
3
4
5

Ip (eV)

Ea (eV)

EHOMO (eV)

ELUMO (eV)

Eg (eV)

Dipole (debye)

7.62
7.47
7.66
8.09
7.55

1.89
1.86
2.03
2.26
1.92

–6.26
–6.11
–6.34
–6.81
–6.26

–3.25
–3.22
–3.37
–3.56
–3.26

3.01
2.89
2.97
3.25
3.01

3.73
4.10
3.33
5.85
3.71

as compared to other derivatives due to presence of
polar –NO2 group attached to indole segment. We have
also computed the frequencies for all the molecules and
found that all the frequencies are real and positive (see
Supplementary Information).

4. Conclusions
We have synthesized a series of ﬁve indolo[2,3-b]
quinoxaline dyes derived from anthraquinone by cyclocondensation reactions in good yield. The compounds
were thoroughly analyzed by routine spectral methods
and subjected to photophysical, electrochemical, thermal and computational studies. These dyes show strong
solvent-dependent photophysical properties and large
ﬂuorescence red shifts upon passing from non-polar to
polar solvents and protic solvents at room temperature.
A broad absorption band observed in lower energy is
attributed to in-built intramolecular charge transfer transition. All compounds were found to emit in the range
of 580–648 nm in solution and in red region in the range
672–700 nm in neat solid ﬁlm. Electrochemical studies
reveal the stability of these compounds under redox conditions. These molecules were found to have low-lying
LUMO energy levels in the range of −3.29 to −3.43 eV
which are very similar with commonly used n-type
materials. These ﬁndings indcate that the synthesized
dyes have potential to be useful as electron–transport
materials in optoelectronic devices. We are currently
working in the direction of developing organic dyes
containing napthoquinone-indoloquinoxaline segment
suitable for applications in excitonic solar cells and
other organic electroactive devices.
Supplementary Information (SI)
All the additional details pertaining to the characterization
of the compounds 1–5 using 1 H and 13 C-NMR spectra
(Figures S1–S4), MALDI-TOF (Figures S5–S9), mass spectra,
FTIR spectra (Figures S10–S14), Photophysical data in
various solvents (Tables S1–S5), Absorption and emission
spectra in various solvents and in neat solid ﬁlm (Figures

S15–S20), Cyclic voltammetry and differential pulse voltammetry results (Figures S21–S25), Thermo-Gravimetric
(TG), Derivative weight loss and Differential Scanning
Calorimetry plots (Figure S26–S30), Optimized structures
(Figures S31–S35) with their Cartesian coordinates and the
computed frequencies for all molecules with 6-311G and
the HOMO–LUMO values of the molecules for two different basis sets are given in the Supporting Information.
Supplementary Information is available at www.ias.ac.in/
chemsci.
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