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Abstract Novel phenazine containing dyes were obtained by
the condensation of 5-hydroxybenzo[a]phenazine-6-
carbaldehyde and 5-chloro-benzo[a]phenazine-6-carbaldehyde
with 1,2-diaminobenzene. The dyes were characterized by FT-
IR, 1H NMR, elemental analysis and mass spectra. The UV–vis
absorption and fluorescence emission spectra of the dyes were
studied in solvents of differing polarity; the dyes exhibited excit-
ed state intra molecular proton transfer. The structural changes
due to excited state intramolecular proton transfer (ESIPT) phe-
nomenon in terms of bond angle, bond distances and geometry
were investigated with the help of DFT computations. The com-
puted absorption and emission were in agreement with the ex-
perimental absorption and emission.
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Introduction

The excited state intramolecular proton transfer (ESIPT) is a
class of proton transfer reactions occuring at the excited state
that can be initiated by the absorption of light. It represents
one of the most basic processes implicated in chemical as well
as in living systems [1, 2]. The molecules exhibiting ESIPT

have been exploited as model systems for the study of the
proton transfer reaction dynamics [3, 4]. The ESIPT reaction,
a fast enol-to-keto or (amine-to-imine) prototropy occurring in
the excited states of intramolecularly hydrogen-bonded mole-
cules, has been extensively investigated because of its funda-
mental interest in photophysical properties and potential ap-
plications in luminescent materials [5], photo patterning [6],
chemosensors [7], proton transfer laser [8], photo stabilizers
[9, 10], molecular logic gates [11], molecular probes [12],
metal ion sensors [13, 14], radiation hard-scintillator counters
[15], and organic light emitting devices (OLEDs) [16, 17],
The ESIPT compounds have also drawn much attention due
to their potential applications in optical devices [18, 19] that
may take advantage of the salient properties of the ESIPT
compounds such as the ultra-fast reaction rate and extremely
large fluorescence Stokes shift [20] compared to the normal
fluorophores such as fluorescein, rhodamine or boron
dipyrromethene (BODIPY), coumarin [21–23].

The structural and electronic configuration of the ex-
cited tautomer (ESIPT product) differs from the original
one, and is characterized by an abnormally large Stokes
shift of fluorescence. In this research, we synthesized
novel ESIPT chromophores - 6-(1H-benzo[d]imidazol-
2-yl)benzo[a]phenazin-5-ol, hydroxy subst ituted
benzophenazine fused imidazole (HPI) and its chloro-
containing derivative (HPI-Cl) (Fig. 1 and Scheme 1).
The molecular geometry and spectroscopic properties of
the synthesized molecules have been investigated using
the optimized geometries of the molecules obtained
using DFT computations

They exhibit intense blue-red fluorescence at 460–540 nm.
We found that the structural and electronic features provided
by DFT/ B3LYP 6–311 G (d) calculations describe well the
mechanism for ESIPT, yielding conformer assignment consis-
tent with the experimental observations.
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Experimental Section

Materials and Equipment

2-Hydroxy-1, 4-napthaquinone, substituted o-phenylenediamine,
were procured from Sigma Aldrich. The reactions were

monitored by TLC using 0.25 mm E-Merck silica gel 60 F254
percolated plates, which were visualized with UV light. Melting
points were measured on standard melting point apparatus from
Sunder industrial product Mumbai, and are uncorrected. The
FTIR spectra were recorded on a Perkin-Elmer Spectrum 100
FTIR Spectrometer. 1H NMR spectra were recorded on VXR
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Fig. 1 Structures of the dyes 6a,
6b, 7a and 7b

Scheme 1 Synthesis of 6-(1H-benzo[d] imidazol-2-yl) benzo[a] phenazin-5-ol Derivatives 6a, 6b, 7a and 7b
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300 MHz instrument using TMS as an internal standard. The
visible absorption spectra of the compounds were recorded on
a Spectronic Genesys 2 UV-Visible spectrophotometer. The
emission and excitation spectra of the compounds were mea-
sured on Varian Cary eclipse spectrofluorimeter.

Quantum Yield Calculation

Quantum yield of compounds 6a, 6b, 7a and 7b were deter-
mined by using fluroscien as standard. Absorption and emis-
sion characteristics of standard as well as unknown samples
were measured at different concentration of unknown samples
and standard at (2, 4, 6, 8 and 10 ppm level). Absorbance
intensity values were plotted against emission intensity
values. A linear plot was obtained. Gradients were calculated
for each unknown compound and for standard. All the mea-
surements were done by keeping the parameters such as sol-
vent and slit width constant. Relative quantum yield of all
synthesized compounds 6a, 6b, 7a and 7b were calculated
by using the Formula 1 [23, 24]

Formula 1: Relative fluorescence quantum yield

Φx ¼ Φstd Gradx=Gradstð Þ η2x=η
2
st

� �

Where;

ΦX Quantum yield of unknown sample

ΦST Quantum yield of standard used
GradX Gradient of unknown sample
GradX Gradient of standard used
η2st Refractive index of solvent for standard sample
η2x Refractive index of solvent for sample

Computational Methods

Gaussian 09 program package was used to optimize geometry
and to study the synthesized azo dyes in their enol and keto
tautomeric forms [25]. Ground state (S0) geometry of the dyes
as an isolated molecule and in solvent environments were
optimized in their C1 symmetry using DFT [26]. The
Becke’s three parameter exchange functional (B3) [27] com-
bining with nonlocal correlation functional by Lee, Yang and
Parr (LYP) [28] and the basis set 6-31G (d) was used for all the
atoms. Same method was used for vibrational analysis to ver-
ify that the optimized structures correspond to local minima
on the energy surface. Time Dependent Density Functional
Theory (TD- DFT) computations were used to obtain the ver-
tical excitation energies and oscillator strengths at the

Fig. 2 Absorption spectra of 6a in different protic and aprotic solvents

Fig. 3 Absorption spectra of 6b in different protic and aprotic solvents

Fig. 4 Absorption spectra of 7a in different protic and aprotic solvents

Fig. 5 Absorption spectra of 7b in different protic and aprotic solvents
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optimized ground state equilibrium geometries at the same
level of theory [29–31]. All the computations in solvents of
different polarities were carried out using the Self-Consistent
Reaction Field (SCRF) method and the Polarizable
Continuum Model (PCM) [32].

Synthesis and Characterization

General Method for the Synthesis and Characterization of 3a
and 3b

2-Hydroxy-1, 4-napthaquinone 1 (2 mol) and substituted o-
phenylenediamine 2a-2b (2 mol) were stirred in a mixture of
AcOH: EtOH (50:50) (20 ml) at 80 °C for 1–1.5 h. The prog-
ress of the reaction was monitored by TLC. After completion
of the reaction, the reaction mass was poured in to the crushed
ice and stirred for 30 min at room temperature. The reaction
mass was filtered and the product was purified by column
chromatography using silica gel 100–200 mesh and ethyl ac-
etate: hexane (50:50) as eluent system.

General Method for the Synthesis and Characterization of 4a
and 4b

POCl3 (0.015 mol) was added to DMF (0.20 mol) at 0 °C
within 15 min and stirred for 30 min at 0 °C. Naphtho [1,2-

a]phenazin-5-ol 3a or 3b (0.01 mol) dissolved in DMF (5 ml)
was added slowly at 0–5 °C and stirred for 30 min. The reac-
tion mixture was then stirred at room temperature for 3 h and
completion of the reaction was monitored by TLC. The reac-
tion mass was poured in ice and stirred, neutralized with so-
dium bicarbonate, filtered and dried. The crude aldehyde was
recrystallized from ethanol and purified by column chroma-
tography using silica gel 100–200 mesh and ethyl acetate:
hexane (10:90) as eluent system.

Syn t h e s i s o f 5 -Hyd ro x yb en zo [ a ]ph ena z i n e - 6 -
carbaldehyde4a Yield=69 %, Melting point: 166–168 °C
FT-IR (KBr, cm−1): 3100 (−OH), 2930 (COH), 1600 (CO),
1577 (C=N), 1200 (C-O). 1H NMR (CDCl3, 500 MHz)=δ
7.782 (dd, 4H, J=6.9, 4.7 Hz, Ar-H), 7.212 (dd, 4H, J=7.4,
5.1 Hz, Ar-H), 8.60 (bs, 1H,-OH), δ 8.2 (s, 1H, Aldehyde -
CHO) ppm. Mass: m/z 274.13 [M+1].

Synthesis of 5-Hydroxy-10-methylbenzo[a]phenazine-6-
carbaldehyde 4b Yield=65 %, Melting point: 173–177 °C,
FT-IR (KBr, cm−1): 3100 (−OH), 2930 (COH), 1600 (C=O),
1577 (C=N), 1200 (C-O). 1H NMR (CDCl3, 500 MHz)=δ
2.67 (s, 3H, −CH3), 7.83 (m, 4H, J=7.4, 5.1 Hz, Ar-H), 7.29
(m, 4H, Ar-H), 8.60 (bs, 1H, −OH), 8.5 (s, 1H) ppm.Mass: m/
z 288.24 [M+1].

General Method for the Synthesis of 5a and 5b

POCl3 (0.035 mol) was added to DMF (0.20 mol) at 0 °C
within 15 min and stirred for 30 min at 0 °C. Naphtho [1,2-
a]phenazin-5-ol 3a-3b (0.01 mol) dissolved in DMF (5 ml)
was added slowly at 0–5 °C and stirred for 30 min. The reac-
tion mixture was then heated to 80–90 °C for 3–3.5 h and
completion of the reaction was monitored by TLC. The reac-
tion mass was poured in ice and stirred neutralized with sodi-
um bicarbonate, filtered and dried. The crude aldehyde was
recrystallized from ethanol and the product was purified by

Fig. 6 Emission spectra of 6a in different protic and aprotic solvents

Fig. 7 Emission spectra of 6b in different protic and aprotic solvents

Fig. 8 Emission spectra of 7a in different protic and aprotic solvents
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column chromatography using silica gel 100–200 mesh and
hexane as eluent system.

General Method for the Synthesis of 5a and 5b POCl3
(0.035 mol) was added to DMF (0.20 mol) at 0 °C within
15 min and stirred for 30 min at 0 °C. Naphtho [1,2-
a]phenazin-5-ol 3a-3b (0.01 mol) dissolved in DMF (5 ml)
was added slowly at 0–5 °C and stirred for 30 min. The reac-
tion mixture was then heated to 80–90 °C for 3–3.5 h and
completion of the reaction was monitored by TLC. The reac-
tion mass was poured in ice and stirred neutralized with sodi-
um bicarbonate, filtered and dried. The crude aldehyde was
recrystallized from ethanol and product was purified by col-
umn chromatography using silica gel 100–200 mesh and hex-
ane as eluent system.

Synthesis of 5-Chlorobenzo[a]phenazine-6-carbaldehyde
5a Yield=55 %, Melting point: 157–159 0C, FT-IR (KBr,
cm−1): 3012 (Ar-H), 2937 (C-H), 2927 (COH), 1611 (CO),
1580 (C=N), 1208 (C-O), 786 (C-Cl) cm-1. 1H NMR
(CDCl3, 500 MHz)=δ 7.782 (dd, 4H, J=6.9, 4.7 Hz, Ar-H),
7.212 (dd, 4H, J=7.4, 5.1 Hz, Ar-H), δ 8.2 (s, 1H, Aldehyde -
CHO) ppm. Mass: m/z 306.64 [M+1].

Synthesis of 5-Chloro-10-methylbenzo[a]phenazine-6-
carbaldehyde 5b Yield=59 %, Melting point: 154–156 0C

FT-IR (KBr, cm−1): 2930 (COH), 1610 (CO), 1581 (C=N),
1208 (C-O), 786 (C-Cl) cm−1. 1H NMR (CDCl3¬¬,
500 MHz)=δ 7.782 (dd, 4H, J=6.9, 4.7 Hz, Ar-H), 7.212
(dd, 4H, J=7.4, 5.1 Hz, Ar-H), δ 8.2 (s, 1H, Aldehyde -
CHO) ppm. Mass: m/z 292.21 [M+1].

General Method for the Synthesis of 6a-6b and 7a-7b

6-(1H-benzo[d]imidazol-2-yl)-10-methylbenzo[a]phenazin-
5-ol 6a 5-Hydroxy-10-methylbenzo[a]phenazine-6-
carbaldehyde (0.01 mol, 0.29 gm) and o-phenylenediamine 2a
(0.01 mol, 0.11 gm) were stirred in DMSO at 90 °C for 2–2.5 h.
The progress of the reaction was monitored by TLC. After com-
pletion of the reaction, the reaction mass was poured in to the
crushed ice and stirred for 30 min at room temperature. The
reaction mass was filtered and the product was purified by col-
umn chromatography using silica gel 100–200 mesh and ethyl
acetate: hexane (20:80) as eluent system.

Yield=54 %, Melting point: 157–159 °C FT-IR (KBr, cm-
1): 3330 (−NH), 1610 (CO), 1581 (C=N), 1208 (C-O), 786
(C-Cl) cm-1. 1H NMR (CDCl3, 500 MHz)=δ 7.782 (dd, 4H,
J=6.9, 4.7 Hz, Ar-H), 7.212 (dd, 4H, J=7.4, 5.1 Hz, Ar-H), δ
8.2 (dd, 2H, Ar-H), δ 8.56 (dd, 2H, Ar-H), δ 9.3 (s,1H, −OH),,
δ 6.3 (s,1H, −NH) ppm. Mass: m/z 362.21 [M+1].

6-(1H-benzo[d]imidazol-2-yl)benzo[a]phenazin-5-ol 6b 5-
Hydroxy-10-methylbenzo[a]phenazine-6-carbaldehyde
(0.01 mol, 0.29 gm) and o-phenylenediamine 2a (0.01 mol,
0.11 gm) were stirred in DMSO at 90 °C for 2–2.5 h. The
progress of the reaction was monitored by TLC. After com-
pletion of the reaction, the reaction mass was poured in to the
crushed ice and stirred for 30 min at room temperature. The
reaction mass was filtered and the product was purified by
column chromatography using silica gel 100–200 mesh and
ethyl acetate: hexane (20:80) as eluent system.

Yield=59 %, Melting point: 164–166 °C FT-IR (KBr,
cm−1): 3330 (−NH), 1610 (CO), 1581 (C=N), 1208 (C-O),
786 (C-Cl) cm-1. 1HNMR (CDCl3, 500MHz)=δ 2.67 (s, 3H,
−CH3),δ 7.782 (dd, 4H, J=6.9, 4.7 Hz, Ar-H), 7.212 (dd, 4H,
J=7.4, 5.1 Hz, Ar-H), δ 8.2 (dd, 2H, Ar-H), δ 8.56 (dd, 2H,
Ar-H), δ 9.3 (s,1H, −OH),, δ 6.3 (s,1H, −NH) ppm.Mass: m/z
376.21 [M+1].

6 - ( 1H - b e n z o [ d ] i m i d a z o l - 2 - y l ) - 5 - c h l o ro - 1 0 -
methylbenzo[a]phenazine 7a 5-Chloro-10-methylbenzo
[a]phenazine-6-carbaldehyde (0.01 mol, 0.31 gm) and o-
phenylenediamine 2a (0.01 mol, 0.11 gm) were stirred in a
DMSO solvent at 90 °C for 2–2.5 h. The progress of the
reaction was monitored by TLC. After completion of the re-
action, the reaction mass was poured in to the crushed ice and
stirred for 30 min at room temperature. The reaction mass was
fil tered and the product was purified by column

Fig. 9 Emission spectra of 7b in different protic and aprotic solvents

Table 1 Absorption, emission and quantum yield of synthesized
compounds 6a, 6b, 7a and 7b in Toulene solvent

Compounds λabs λem
short

Stoke
shift cm−1

ΦF λem
long

Stoke shift
cm−1

ΦF

6a 460 485 400,000 0.001 520 125,000 0.22

6b 463 480 434782.61 0.001 525 121951.22 0.187

7a 440 485 222222.22 0.41 – —— —

7b 440 485 222222.22 0.389 — —— –
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chromatography using silica gel 100–200 mesh and ethyl ac-
etate: hexane (20:80) as eluent system.

Yield=53 %, Melting point: 181–186 °C FT-IR (KBr,
cm−1): 3220 (NH), 1610 (C=O), 1592 (C=N), 1231 (C-O),
778 (C-Cl) cm−1. 1H NMR (CDCl3, 500 MHz)=δ 8.4 (dd,2H,
Ar-H), δ 7.981(dd,2H,Ar-H), δ 7.782 (dd, 4H, J=6.9, 4.7 Hz,
Ar-H), 7.212 (dd, 4H, J=7.4, 5.1 Hz,ArH),δ 10.1 (s, 1H,
−NH) ppm. Mass: m/z 380.90 [M+1].

6-(1H-benzo[d]imidazol-2-yl)-5-chlorobenzo[a]phenazine
7b 5-Chlorobenzo[a]phenazine-6-carbaldehyde 4a (0.01 mol,
0.38 gm) and o-phenylenediamine 2a (0.01 mol, 0.11 gm)
were stirred in a DMSO solvent at 90 °C for 2–2.5 h.
Completion of the reaction was monitored by TLC. After
completion of the reaction, the reaction mass was poured in
to the crushed ice and stirred for 30 min at room temperature.
The reactionmass was filtered and the product was purified by
column chromatography using silica gel 100–200 mesh and
ethyl acetate: hexane (20:80) as eluent system.

Yield=49 %, Melting point: 195–196 °C FT-IR (KBr,
cm−1): 3227 (NH), 1605 (C=O), 1580 (C=N), 1226 (C-O),
778 (C-Cl) cm−1. 1H NMR (CDCl3, 500 MHz)=δ 2.537 (s,
3H, −CH3),δ 8.4 (dd,2H,Ar-H), δ 7.981(dd,2H,Ar-H), δ 7.782
(dd, 4H, J=6.9, 4.7 Hz, Ar-H), 7.212 (dd, 4H, J=7.4, 5.1 Hz,
ArH),δ 10.1 (s, 1H, −NH) ppm. Mass: m/z 395.40 [M+1].

Results and Discussion

Synthesis Strategy and Characterization

The synthetic plan for the preparation of 6-(1H-
benzo[d]imidazol-2-yl)-benzo[a]phenazin-5-ol 6a-6b and 7a-7b
is shown in Scheme 1. Benzo[a]phenazin-5-ol 3a and 3b were
prepared by the condensation of 2-hydroxy-1, 4-napthaquinone
(Lawson) 1 with the substituted 1, 2-diaminobenzene 2a and 4-
methylbenzene-1, 2-diamine 2b in the presences of glacial acetic
acid at 60 °C for 60 min. 5-Hydroxybenzo[a]phenazine-6-

Fig. 10 ESIPT in 6b occurring along the pre-existing hydrogen bond in the ground state between the phenolic -OH group and the quinonoid oxygen of
the dye

Table 2 Computed bond length, dihedral angle and bond angle of enol and keto form of 6a

L enol Keto D0 Enol Keto θ0 enol Keto

H14-N2 2.030 (1.826) 1.960 (1.872) N4-H14-N2-C3 0.019 0.007 (0.004) C1-O1-H9 108.969 108.312 (110.614)

N4-H14 1.014 (1.035) 1.019 (1.029) N4-C17-C2-C3 0.00 −0.022 (−0.001) O1-H9-N3 147.678 126.270 (124.65)

N3-H9 1.646 (1.705) 1.019 (1.0188) N4-C17-C2-C1 179.988 179.982 (179.999) N4-C17-C2 125.367 127.056 (126.262)

H9-O1 1.008 (0.995) 1.874 (1.891) N3-C17-C2-C1 0.021 −0.008 (−0.0011) N3-C17-C2 123.201 26.460 (126.4687)

C17-C2 1.457 (1.417) 1.425 (1.418) N3-C17-C2-C3 −179.987 −0.020 (179.999) H14-N4-C17 121.439 118.945 (117.428)

L bond length (interatomic distance between atom in Å), D0 Dihedral angle, θ0 Bond angle

Atom no. is depicted in Fig. 11
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carbaldehyde 4a-4b and 5a-5b were prepared by the Vilsmeyer
Haack reaction. The structures of the compoundswere confirmed
by FTIR, 1HNMR, mass spectral analysis. The compounds 4a-
4b and 5a-5b on treatment with 1,2-diamnobenzene 2a, respec-
tively, in the presence of DMSO at reflux temperature (100–
130 °C) for 4–5 h gave 6-(1H-benzo[d]imidazol-2-
yl)benzo[a]phenazin-5-ol 6a, 6-(1H-benzo[d]imidazol-2-yl) -9-
methylbenzo[a]phenazin-5-ol 6b, 6-(1H-benzo[d]imidazol-2-
y l ) -5 -ch lo robenzo[a ] phenaz ine 7a and 6- (1H-
benzo[d]imidazole-2-yl)-5-chloro- 9-methylbenzo[a]phenazine
7b. The synthesized compounds 6a-6b and 7a-7b were purified
by column chromatography and the structures were confirmed
by FTIR, 1HNMR, and mass spectra. The compound 6a showed
a distinct stretching vibrational peak for -OH in FTIR at 3252–
3267 cm−1 and 1HNMR showed the phenolic -OH signal at

δ10.56 ppm and confirmed by D2O exchange. The synthesized
benzimidazole molecules which contain acidic hydroxy group at
5-position and phenazine fused at the 7th and 8th positions with
respect to the basic -N=moiety. The location of these groups is in
such a way that there is an intramolecular hydrogen bonding in
the ground state. On excitation, the –N=moiety become strongly
basic and –OH group as well as benzophenazine core becomes
strongly acidic. This leads to the excited state intra-molecular
proton transfer (ESIPT) and thus the formation of keto isomer
(k1). The ESIPT reaction have been subject of numerous inves-
tigations in the literature but reported ESIPT reaction has very
small fluorescence quantum yield and Stokes shift. It could be
due to the lower acidic group (like -NH2) attached to the donor
aromatic ring system. This limitation has overcome by introduc-
ing -OH group as well as fused phenazine core group in system

Table 3 Optimized geometry parameters of Enol 6b,Keto 6b and hydrophenazine (Hyp) 6b in DMF solvent in the ground state. (bond lengths are in Å,
angles are in °)

L enol Keto Hyp D0 Enol Keto Hyp θ0 enol Keto Hyp

H13-N2 S0 2.032 1.967 1.035 N4-H13-N2-C3 −0.022 96.867 0.003 C1-O1-H8 108.86 108.24 108.601

S1 1.869 1.027 0.009 0.006 110.62 109.486

N4-H13 S0 1.015 1.019 1.796 N4-C17-C2-C3 −0.014 0.007 0.002 O1-H8-N3 147.84 126.00 2.649

S1 1.030 1.847 0.002 0.001 124.75 125.991

N3-H8 S0 1.645 1.018 1.014 N4-C17-C2-C1 179.98 −179.998 179.998 N4-C17-C2 125.44 127.14 125.331

S1 1.019 1.018 −179.998 179.998 126.28 126.131

H8-O1 S0 1.008 1.881 1.945 N3-C17-C2-C1 0.004 0.001 0.00 N3-C17-C2 27.064 126.47 27.450

S1 1.888 1.861 −0.001 0.002 126.43 123.372

C17-C2 S0 1.458 1.427 1.455 N3-C17-C2-C3 0.003 −0.004 0.002 H13-N4-C17 121.56 119.28 99.677

S1 1.419 1.420 −0.004 179.998 117.36 98.703

N3-O1 S0 2.555 2.613 2.649 N4-H13-N2 26.940

S1 2.607 2.594 15.078

N4-N2 S0 2.722 2.686 2.657

S1 2.635 2.690

L bond length (interatomic distance between atom in Å), D0 Dihedral angle, θ0 Bond angle, S0 Ground state energy, S1 Excited state

Atom no. is depicted in Fig. 11

Table 4 Ground state energy of enol and keto form 6a

Energy of enol 6a=Eenol Energy of keto 6a=Eketo ΔE=Eenol-Eketo

Solvents Hartree eV Hartree eV Hartree eV

Gas −1179.4479 −32093.040 −1179.4531 −32093.271 0.00524 0.2301939

THF −1179.4556 −32093.035 −1179.4634 −32093.264 0.00784 0.2286701

Toluene −1179.4520 −32093.031 −1179.4587 −32093.258 0.00667 0.2271300

Chloroform −1179.4545 −32092.987 −1179.462 −32093.201 0.00747 0.2132421

Methanol −1179.4574 −32092.956 −1179.4658 −32093.159 0.00840 0.2033267

Ethanol −1179.4572 −32092.890 −1179.4656 −32093.072 0.00835 0.1815234

DMSO −1179.458 −32092.77 −1179.4660 −32092.920 0.00846 0.1426675

Eenol Ground state Energy of enol, Eketo Ground state energy of keto, ΔE Eenol - Eketo
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which increases the rate of intra-molecular proton transfer in the
S1 state; synthesized compounds 6a-6b shows single absorption
and dual emission with good fluorescence intensity and reason-
ably large Stokes shift; ESIPT reaction pathway is shown in
Fig. 2. The phenolic -OH peak disappeared in D2O exchange
with an additional peak appearing at d 4.80–4.82 ppm. Mass
spectral data for compound 6a show M+1 peak at 362.1, which
is in good agreement with its molecular weight of M+1 species.
Absorption and emission spectra weremeasured to investigate its
photo-physical properties and also the solvatochromisms and
solvatofluorism behavior of the molecule were studied by mea-
suring electronic absorption and emission spectra in solvents of
different polarities.

Optical Properties

The absorption spectra of 6a, 6b, 7a and 7b in different protic and
aprotic solvents are shown in Figs. 2, 3, 4 and 5. In all the
solvents, the lowest energy absorption band for the dye 6a and
6b appears as two absorption envelopes at∼340 and∼480 nm.

This band assigned to the S0 to S1 transition of π -π∗ nature
having some charge transfer character as indicated from Figs. 2
to 3 the widths of the absorption spectra are fairly indistinguish-
able in all the solvents studied, and suggest that in all the solvent
systems the dye in the ground state exclusively exists in a single
conformational structure. While 7a and 7b show single absorp-
tion band at 430 nm as show in Figs. 4 and 5.

The fluorescence spectra of the dyes 6a, 6b, 7a and 7b in
protic and aprotic solvents are shown in Figs. 6, 7, 8 and 9. As
seen in all the solvents studied, the fluorescence spectra do not
show any mirror image relationship with the absorption spec-
tra, suggesting that the dye undergoes a large structural change
in the excited state compared to its conformational structure in
the ground state. It is evident from Figs. 6 to 7 that the emis-
sion spectra of the dyes 6a and 6b in the studied solvents are
essentially composed of two emission bands, one with peak
around 495 and 510 nm, and the other with peak around 500–
510 nm (designated as the short wavelength emission band
and the long wavelength emission band respectively, for the
convenience of our discussions).

Table 5 Ground state energy of enol, hyp and keto form 6b

Solvents Eenol Hartree Eenol in eV Eketo in Hartree Eketo in eV EHyp in Hartree EHyp in eV Eenol-Eketo EHyp-Eketo Eenol-EHyp

Gas −1218.7743 −33162.8478 −1218.7791 −33162.9794 −1218.7772 −33162.9272 0.1316 0.0522 0.0794

THF −1218.7821 −33163.0618 −1218.7896 −33163.2643 −1218.7871 −33163.1968 0.2025 0.0675 0.1351

Toluene −1218.7785 −33162.9630 −1218.7848 −33163.1339 −1218.7826 −33163.0756 0.1709 0.0582 0.1126

Chloroform −1218.7810 −33163.0304 −1218.7881 −33163.2231 −1218.7857 −33163.1590 0.1927 0.0641 0.1286

Methanol −1218.7840 −33163.1116 −1218.7920 −33163.3293 −1218.7893 −33163.2557 0.2177 0.0736 0.1441

Ethanol −1218.7838 −33163.1066 −1218.7917 −33163.3227 −1218.7890 −33163.2498 0.2162 0.0729 0.1433

DMSO −1218.7841 −33163.1166 −1218.7922 −33163.3357 −1218.7895 −33163.2615 0.2192 0.0742 0.1449

Eenol Energy of enol 6b, Eketo energy of Keto 6b, Ehyp Energy of Hydrophenazine (Hyp)

Fig. 11 Optimized geometry of enol and keto form of compound 6a
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The Stokes shifts of 6a and 6b are larger than 7a and 7b of
the imidazole fluorophores. Since the spectra were measured
under the same conditions thus we can anticipate high fluo-
rescence quantum yields for 6a and 6b compared to 7a and 7b.
Interestingly, dual emission bands at 485 and 514 nm were
observed for 6a. Similarly emission band at 490 nm was ob-
served for 6b, along the major emission band at 515 nm. The
multi emission of organic fluorophores is in particular inter-
esting for applications such as white light electroluminescence
or luminescent bio imaging [7, 16–21]. The photophysical
properties of the compounds are summarized in Table 1 and
Figs. 1–9. Interestingly, 6a and 6b shows unexpected high
fluorescence quantum yields (Φ=2.02 %) than 7a and 7b of
the fluorophores that show excited state intramolecular proton
transfer (ESIPT), which usually give quantum yield of less
than 1 % [3, 4].

The solvent polarity dependence of the compounds’ emis-
sion is studied (Figs. 1–9). For 6a and 6b the emission is
greatly red-shifted in highly polar solvents such as methanol,
DMF and DMSO. For 6a and 6b, the emission intensity is
decreased by increasing the solvent polarity. We noticed that
the dual emission of 6a and 6b are persistent in most solvents.
Interestingly, we found that the intensity varied with the sol-
vent polarity, but the emission wavelength did not change
significantly. This property is different from the normal be-
havior of organic fluorophores that gives red-shifted emission
in polar solvents [5, 18, 19]. We tentatively assign the in-
creased emission intensity of 6a and 6b in polar solvents to a
non-radiative decay channel which is enhanced by high polar-
ity. Considering the potential ESIPT, the dual emission can be
tentatively assigned to the enol, keto and hydro-phenazine
form produced by the ESIPT (Fig. 10).

Fig. 12 Optimized geometry of enol,Keto and hydrophenazine (Hyp) form of compound 6b

Fig. 13 Computed energy of HOMO and LUMO of enol 6a
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The ground state the dye 6a and 6b exists exclusively in its
normal form as shown in Fig. 10 where the imine hydrogen of
imidazole core is intra-molecularly hydrogen bonded to the
imine nitrogen of phenazine core and hydroxy proton intra-
molecularly bonded with the imine nitrogen of the imidazole
core. On photo-excitation, the initially produced excited nor-
mal form (N*) undergoes a fast ESIPT process whereby one
of the hydroxyl proton (at 1 or 8 position) is transferred from
the hydroxyl group to the imine nitrogen along the pre-
existing hydrogen bond, producing the excited tautomeric
form of the dye. Accordingly, in the emission spectra, the
short wavelength emission band is ascribed to the emission
from the N* form and the long wavelength emission is as-
cribed to the emission from of excited tautomeric form of
the dye. Such dual emissions are absent in the dyes 7a and
7b having chloro group Figs. 8 and 9.

Geomentry Optimization

Bond Length, Bond Angle and Energy of 6a and 6b

The computed bond lengths of the optimized enol and keto
forms of 6a and 6b are given in Tables 1 and 2.

The structural changes due to ESIPT phenomenon in terms
of bond angle, bond distance and geometry of the electron
donor and acceptor groups are investigated by using opti-
mized geometries as shown in Tables 2 and 3. The results of
bond angle and bond length clearly indicate that, due to the
intra-molecular hydrogen bonding the compounds has a six-
member ring conformation in excited state (Fig. 10). Themain
feature of the molecular structures like stiochiometry,

framework group, degree of freedom and point group of com-
pounds remain the same in both enol and keto forms which
can be deduced from Tables 2 to 3 for the compounds 6a and
6b. In Table 2 we list bond lengths (d) characterizing the N···
H···O system in the enol and keto forms of 6a. The most
important observation is that the distance between the N3
and O1 atoms is considerably longer in Enol 6a (in S0=
2.72 Å) than the Keto 6a (S0=2.60446 Å), vice versa in S1
state interatomic distance between N3 and O1 atom is shorter
(S1=2.59 Å) in enol form than the Keto 6a (S1=2.60373 Å)
by 0.01 Å. This is partly due to the increased rigidity of the
Enol 6a in S1 state. Furthermore, the hydrogen bonding
lengths in the Keto 6a (N3•••H9 i.e., S0=1.008, S1=0.995)
and in Enol 6a (O1•••H9 i.e., S0=1.019, S1=1.020) longer in
S0 and shorter in S1. The shorter distances have to be con-
nected with stronger interactions in S1 Enol 6a than in S1
Keto 6a, and it seems to be the most probable reason for
barriers for the proton transfer between the enol and keto
forms of the molecule 6a. The computed dihedral and bond
angle also reveals that S1 enol form having more planer ar-
rangement than the keto form of 6a. The computed ground
state energy of enol and keto form of 6a reveals that Keto 6a is
more stable than Enol 6a in all solvents as shown in the
Fig. S1. and energy difrence between the enol and keto form
of 6a in eVand hartree depicted in Table 4 (Supporting infor-
mation Fig. S1).

The change in bond length, dihedral angle, bond angle and
ground state energy clearly indicates that ESIPT phenomenon
is observed in compound 6a. For better understanding the
ESIPT phenonmenone we optimized the three possible
phototautomer of compound 6b i.e., (Keto 6b, Hyp 6b and

Fig. 14 Computed energy of HOMO and LUMO of Keto 6a

844 J Fluoresc (2015) 25:835–848



Enol 6b) as shown in the Fig. S2 and computed bond length,
bond angle and ground state energy of enol 6b, Keto 6b and
Hyp 6b are depicted Table 5.

From the Fig. S2 we observed that similar trends are ob-
served for compounds 6b. The compounds 6a and 6b are
roughly planar in enol and keto forms and this facilitates the
ESIPT. The 5,6 benzene-fused benzophenazine core increases
the acidity of hydroxyl group present in the ring. This is fur-
ther confirmed by our computational study. In enol form, the
lone pair of electrons present on oxygen is involved in

resonance, the single bond length character is converted in
to double bond character hence the bond length between O-
H decreases as compared to the keto form. This is also ob-
served for the other compounds. The changes in bond length,
bond angle and dihedral angle due to excited state intramolec-
ular phenomenon for all the compounds are summarized in
Tables 3 and 4. The optimized three possible tautomers of the
compound 6b are shown in the Fig. 11 and their computed
energy values are shown in the Table 5 in different polarity of
solvents. As the polarity of the solvents increses the ground

Fig. 15 Computed energy of HOMO and LUMO of enol 6b, keto 6b and Hyp 6b in difrent polarity of solvents
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state energy of the Enol 6b, Keto 6b and Hyp 6b decreses. It
means that polar solvent stabilizes the ground state of above
mentioned tautomer of 6b. Similar trend was observed for the
compound 6a as shown in the Table 2. Form the Table 4 it is
seen that the keto tautomer has less energy than the enol and
hydrophenazine forms of 6b. Hence the compounds 6a and 6b
are more stable in thw keto form than than the enol and the
hydrophenazine forms of 6b (Fig 12).

Frontier Molecular Orbitals

The different frontier molecular orbitals were studied to un-
derstand the electronic transition and charge delocalization
within these ESIPT chromophores. The comparative increase
and decrease in the energy of the occupied (HOMO’s) and
virtual orbitals (LUMO’s) gives a qualitative idea of the

excitation properties and the ability of hole or electron injec-
tion. First allowed and the strongest electron transitions with
largest oscillator strength usually correspond almost exclu-
sively to the transfer of an electron from HOMO→LUMO.
The energy of HOMO, LUMO and band gap of the enol 6a
and Keto 6b shown in Figs. 13 and 14 from which it is ob-
served that the bang gap of the keto 6a is more as compared to
the enol 6a. Similar trend was found for the keto 6b, Hyp 6b
and enol 6b as shown in the Figs. 15a and b, Table 6.

We observed that the ground state of the keto from of 6a
has lower energy than the keto form of 6a. And for the com-
pound 6b : the order of energy of tautomers is keto>
hydrophenazine>enol, the keto form has less energy as com-
pared to the hydrophenazine form. In both the compounds 6a
and 6b the keto tautomer is found to be more stable as com-
pared to the hydrophenazine and the enol form. The bond

Table 6 Energy of HOMO and LUMO of enol 6b, keto 6b and Hyp 6b in difrent polarity of solvents

Enol 6b Keto 6b Hydrophenazine 6b

Solvent HOMO enol LUMO enol difference HOMO
Keto

LUMO Keto difference HOMO Hyp LUMO Hyp difference

DMSO −0.29568 −0.21737 0.07831 −0.20929 −0.09185 0.11744 −0.21099 −0.10933 0.10166

Methanol −0.21798 −0.10119 0.11679 −0.20918 −0.09171 0.11747 −0.21087 −0.10926 0.10161

Ethanol −0.21786 −0.10112 0.11674 −0.20907 −0.09156 0.11751 −0.21076 −0.1092 0.10156

THF −0.21681 −0.10048 0.11633 −0.20809 −0.09022 0.11787 −0.20975 −0.1086 0.10115

Chloroform −0.21606 −0.10005 0.11601 −0.20742 −0.08929 0.11813 −0.20904 −0.1082 0.10084

Toluene −0.2145 −0.09922 0.11528 −0.20605 −0.08734 0.11871 −0.20756 −0.1074 0.10016

Gas −0.21225 −0.09839 0.11386 −0.20428 −0.0845 0.11978 −0.20546 −0.10658 0.09888

Fig. 16 Possible ESIPT phenonmenone in dye 6b
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length and bond angle computation clearly indicate that the
proton transfer is possible (Fig. 10).

The energy barrier between the keto and hydrophenazine
form of 6b is quite less as shown in the Fig. 16. Hence the keto
and hydrophenazine tautomer may give emission due to the
barrierless ESIPTand the second emission is due to the proton
transfer in the excited state form of Hyp 6b to Enol 6b as
shown in Fig. 16.

Conclusion

Photo-physical properties of 6-(1H-benzo[d]imidazol-2-
yl)benzo[a]phenazin-5-ol derivatives were studied in solvents
of different polarities. The absorption and emission wave-
lengths were computed using TD DFT and they are in good
agreement with the experimental results, the HOMO-LUMO
gap for each compound is the same in all the solvents. The
compounds 6a and 6b show dual emission, an intense peak at
short wavelength and a shoulder peak at long wavelength in
DMSO, methanol, acetone and acetonitrile. In case of chloro-
form a shoulder peak at short wavelength and an intense peak
at long wavelength was observed. The compounds 7a and 7b
did not show dual emission in all the solvents. The com-
pounds show a large Stokes shift due to ESIPT process and
this can be important in designing fluorescence probes. The
computational methods have been useful for assignments of
the absorption and emission and thus lead tomore understand-
ing at molecular level and this is not possible by experiments
alone.
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