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a b s t r a c t

Tetrahydroquinoxaline based squaraine dyes synthesized by the condensation reaction between squaric
acid and different tetrahydroquinoxaline derivatives are described. The squaraines gave a strong intense
peak at 700 nm and were found to exhibit good molar extinction coefficient (>105 M�1 cm�1). Metal
binding studies were carried out with different metal ions and it was found that it was selective in the
case of copper metal. Using Job’s plot it was ascertained that the squaraines bind to the copper metal in
the ratio of 2:1.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The development of novel near infrared (NIR) dyes has come
a long way and in particular there has been a lot of research
undergone by many groups for the synthesis of squaraine dyes
[1–5]. Squaraine dyes (Fig. 1) have polarised donor–acceptor–
donor (D–A–D) structure with the central four membered ring
(C4O2) as electron acceptor and dimethylaniline group as the
donor. These dyes absorb at around 640 nm and their excellent
photophysical properties make them highly suitable for a wide
range of applications. These include photodynamic therapy [6–8],
protein detection [9,10], as photoconductors in solar cells [11–14],
nonlinear optics [15–17], fluorescence imaging [18] and chemo-
sensor [9,19–40] etc.

The intense absorption band of squaraines is a very attractive
property for sensor design. Although many research groups have
shown interest on developing squaraine chemosensors, sensitivity
and selectivity to a specific analyte remains as the big challenge in
the development of these sensors. Sensors for Cu2þ has been
extensively studied [41–44] as it is a significant metal pollutant due
to its widespread use [45–51], and it is also an essential trace
element in biological systems [52–54]. But still there is a great
demand for new indicators for the copper with improved properties.
: þ91 80 23601310.
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In the present study we report the synthesis of tetrahydroquinoxa-
line based squaraine and its metal binding studies with copper.

An elegant approach to synthesize NIR squaraine dyes is to
increase the electron donating ability of the donor group. The
stronger electron donating effect can cause a pronounced bath-
ochromic shift of the absorption band. In this context, we have
explored quinoxaline as an effective electron donor. Quinoxalines
are a very important class of benzoheterocycles, widely used in
a variety of applications which include dyes [55,56], as building
blocks in the synthesis of organic semiconductors [57], pharma-
ceuticals [58,59], and electrical/photochemical materials [32,60].
Further quinoxalines can also be sequentially reduced and dialky-
lated to tetrahydroquinoxaline derivatives using sodium borohy-
dride and carboxylic acids [61,62]. Moreover, alkyl side chains
attached on these moieties should increase the solubility. These
remarkable properties of quinoxalines led us to explore the utility
of substituted tetrahydroquinoxalines to prepare novel squaraines.

2. Experimental

2.1. Chemicals and instrument

All the solvents were of analytical grade. The metal salts
Mg(ClO4)2.6H2O, Li(ClO4).H2O, Cu(ClO4)2.6H2O, Zn(ClO4)2.6H2O,
Ca(ClO4)2.4H2O, Cd(ClO4)2.H2O, Pb(ClO4)2.H2O were obtained from
Sigma Aldrich. Millipore water was used in all cases; O-phenylene
diamine was obtained commercially and 4-Methoxy-benzene-1,2-

mailto:satish@sscu.iisc.ernet.in
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig


N

O

O

-

N

Fig. 1. Structure of parent squaraine dye.
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diamine was prepared as described in the literature [63]. 1H NMR
and 13C NMR spectra were recorded using Bruker 300 MHz or
Bruker 400 MHz. Chemical shifts were given in parts per million
and coupling constants (J) in Hertz. UV absorption spectra were
obtained on Perkin Elmer UV–Vis Spectrometer. Fluorescence
emission spectra were obtained using Perkin-Elmer Fluorimeter (LS
50B). Spectroscopic measurements were performed in standard
quartz cells (1 cm � 1 cm). All the measurements were carried out
at room temperature.

2.2. Synthesis

2.2.1. General procedure for the synthesis of quinoxaline
The diamine (7.7 mmol) was dissolved in dry acetonitrile (15 ml)

and 1,2-diketone (8 mmol) was then added to the mixture, which
was stirred at 60 �C for 6 h; reaction progress was monitored using
TLC. Acetonitrile was removed from the ensuing compound by
rotary evaporation; recrystallisation from ethanol gave the qui-
noxaline as a white solid.

2.2.2. General procedure for the synthesis of 1,4-diethylquinoxaline
In a 100 ml round bottom flask, quinoxaline (15 mmol) was

dissolved in dry benzene (30 ml) and the reaction mixture was
cooled to 5 �C to which was then added sodium borohydride
(158 mmol) over a period of 15 min. The ensuing pale yellow slurry
was stirred for 30 min at 5 �C and then glacial acetic acid
(450 mmol) was added dropwise over 1 h. After maintaining the
temperature at 10 �C for 1 h, the mixture was heated at reflux for
6 h. Upon completion of reaction, water (70 ml) was added drop-
wise to quench excess sodium borohydride and the mixture was
extracted with ethyl acetate and the organic layer separated and
dried over sodium sulfate. Column chromatography in hexane
yielded the product in good yield.

2.2.3. General procedure for the synthesis of squaraines
1,4-Diethylquinoxaline (1.3 mmol) and squaric acid (0.55 mmol)

was dissolved in a mixture of toluene and n-butanol (1:1) and was
refluxed using Dean–Stark apparatus at 120 �C for 6 h. A notable
change in colour is observed and the reaction was monitored by
UV–Visible spectra for every 1 h. Then the reaction was mixture
was cooled to room temperature. All the volatiles were removed in
rotavapor and the dark green solid formed was precipitated out in
hexane. The solid obtained is purified through column chroma-
tography with 5% methanol/chloroform.
R
1

NH
2

NH
2

O

+

R
1

CH
3
CN

R
2

R
3

O

Where  

             1a, 2a --- R
1
 = H, R

2
 = H, R

3
 = H

             

             1b, 2b --- R
1
 = OMe, R

2
 = H, R

3
 = 

                

             1c, 2c --- R
1
 = H, R

2
 = Ph, R

3
 = Ph

Scheme 1. Synthesis of te
2.3. Compounds characterization

2.3.1. 1,4-Diethyl-1,2,3,4-tetrahydroquinoxaline (2a)
2a was purified by column chromatography with hexane as the

eluent and was obtained as yellow oil. (Yield: 84%).
1H NMR (400 MHz, CDCl3): d 6.54–6.51 (m, 2H), 6.48–6.46 (m,

2H), 3.24–3.19 (m, 8H), 1.09–1.02 (t, J ¼ 6.8 Hz, 6H).
13C NMR (100 MHz, CDCl3): d 129.1, 118.9, 114.0, 57.9, 48.8, 13.3.

2.3.2. 2,3-Diphenylquinoxaline (1c)
1c was purified by passing over silica gel column to remove base

impurities to get white solid. Recrystallization in acetonitrile gave
needle like crystals. (Yield: 90%) 1H NMR (400 MHz, CDCl3): d 8.12–
8.10 (q, 2H), 7.72–7.69 (q, 2H), 7.46–7.44 (d, J¼ 7.6 Hz, 4H) 7.28–7.26
(d, J ¼ 6.8 Hz, 6H).

13C NMR (100 MHz, CDCl3): d 153.6, 141.3, 139.2, 129.9, 129.2,
128.8, 128.23.

2.3.3. 1,4-Diethyl-2,3-diphenyl-1,2,3,4-tetrahydroquinoxaline (2c)
2c was purified by column chromatography with hexane as the

eluent and was obtained as white solid. (Yield: 80%) 1H NMR
(400 MHz, CDCl3): d 7.08–7.05 (t, J ¼ 6.8 Hz, 2H), 7.01–6.97 (t,
J ¼ 7.2 Hz, 4H), 6.70–6.68 (d, J ¼ 7.2 Hz, 8H), 4.47(s, 2H), 3.34–3.29
(q, 2H), 3.04–2.99 (q, 2H), 0.94–0.91 (t, J ¼ 8 Hz, 6H).

13C NMR (100 MHz, CDCl3): d 139.8, 135.6, 129.9, 127.9, 127.7,
118.38, 112.2, 65.4, 43.5, 11.3.

2.3.4. Squaraine dyes
3a: 1H NMR (400 MHz, CDCl3): d 8.04–8.02 (dd, J ¼ 1.6 Hz, 2H),

7.64–7.63 (d, J¼ 1.6 Hz, 2H), 6.64–6.62 (d, J¼ 8.8 Hz, 2H), 3.62–3.60
(t, J ¼ 4.8 Hz, 4H), 3.54–3.48 (q, J ¼ 7.2 Hz, 4H), 3.45–3.39 (q,
J ¼ 7.2 Hz, 4H), 3.27–3.24 (t, J ¼ 5.2 Hz, 4H), 1.27–1.22 (t, J ¼ 7.2 Hz,
12H).

13C NMR (100 MHz, CDCl3): d 184.5, 184.2, 143.1, 134.5, 126.1,
121.1, 110.2, 109.8, 48.2, 46.1, 45.1, 44.2, 11.2, 10.0.

FTIR (KBr) n: 3410, 2925, 2854, 1743, 1583, 1418, 1322, 1176 cm�1.
HRMS [Found: m/z 459.271 [M þ H]þ, Calcd for C28H35N4O2

[M þ H]þ: 459.276].
3b: 1H NMR (400 MHz, CDCl3): CDCl3 d 8.21 (s, 2H), 6.02 (s, 2H),

3.59–3.50 (t, J ¼ 5.2 Hz, 4H), 3.50–3.45 (q, J ¼ 6.8 Hz, 4H), 3.40–
3.3.35 (q, J ¼ 7.2 Hz, 4H), 3.17–3.15 (t, J ¼ 5.2 Hz, 4H), 1.28–1.21
(t, J ¼ 7.2 Hz, 12H).

FTIR (KBr) n: 3474, 2969, 1667, 1520, 1352, 1280, 1181, 1049 cm�1.
HRMS [Found: m/z 519.287 [M þ H]þ, Calcd for C28H35N4O2

[M þ H]þ: 519.289].
3c: 1H NMR (400 MHz, CDCl3): d 8.19–8.17 (d, J ¼ 7.6 Hz,

2H),7.96(s, 2H), 7.24–7.18 (m, 4H), 7.18–7.00 (m, 8H), 6.81–6.73
(m,10H), 4.65–4.64 (d, J¼ 3.72 Hz, 2H), 4.53–4.52 (d, J¼ 3.76 Hz, 2H),
3.61–3.48 (m, 4H), 3.38–3.32 (m, 2H), 3.16–3.11 (m, 2H), 1.29–1.24
(m, 2H), 1.15–1.12 (t, J ¼ 6.4 Hz, 6H,) 1.07–1.00 (t, J ¼ 6.4 Hz, 6H). 13C
NMR (100 MHz, DMSO-d6): d 184.2, 143.4, 138.5, 137.3, 135.2, 129.8,
129.5, 128.2, 128.0125.4, 121.4, 112.2, 110.9, 66.3, 62.2, 45.4, 41.9, 40.6,
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40.4, 12.2, 9.9. FTIR (KBr) n: 3342, 2931, 1723, 1583, 1414, 1341, 1260,
1169, 1073 cm�1

HRMS [Found: m/z 764.409 [M þ H]þ, Calcd for C28H35N4O2

[M þ H]þ: 764.409].

2.4. Photophysical methods

2.4.1. Procedures of metal ion sensing
Stock solutions of the dye 3c (1.96 � 10�5 M) and metal ions

(2.69 � 10�3 M) were prepared in distilled THF. Interaction with
metal ions was observed by adding 1 ml of respective metal ion
solution to the dye solution (5 ml). Absorption spectra of dye 3c
with different metal ions were studied. Copper showed more
quenching and so interaction of the dye with different concentra-
tions of copper was also studied.

2.4.2. Calculation of quantum yield
The fluorescence quantum yields were determined by using

methylene blue as the standard (4f ¼ 0.52 in CHCl3). The quantum
yield was calculated using the following equation.
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Fig. 2. Absorption spectra of dye 3 at different time intervals time: (i) 0 (ii) 1 (iii) 2 (iv)
4 (v) 6 h.
where 4u and 4s are the quantum yield of the unknown and stan-
dard, Au and As are the absorbance of the unknown and standard, Fu

and Fs are the integrated fluorescence intensity at the excitation
wavelength of the unknown and standard, and nu and ns are the
refractive index of the solvent of the unknown and standard,
respectively.

3. Results and discussion

Initially quinoxalines were used as the donor group in the
condensation reaction with squaric acid and the squaraine obtained
gave an intense peak at 650 nm. But due to poor solubility of the
product in common organic solvents, N-alkylation was carried out
by reducing with sodium borohydride and acetic acid to obtain
substituted tetrahydroquinoxalines (Scheme 1). This key interme-
diate was then employed to prepare novel squaraines by conden-
sation with squaric acid. As anticipated the resulting squaraines
showed a significant shift in absorbance (more than 700 nm) due to
the increase in electron availability of the donor. These dyes are
dark green in colour and show very high molar absorption coeffi-
cient (greater than 104 M�1 cm�1).

Three different derivatives of the squaraine dye were
synthesized by refluxing the electron rich tetrahydroquinoxaline
derivatives with the electron deficient squaric acid (3,4-dihy-
droxy-3-cyclobutene-1,2-dione) in toluene/n-butanol (1:1)
(Scheme 2).
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Table 1
The absorption and emission properties of dyes 3a–c in CHCl3. Fluorescence
quantum yield was calculated based on the reference, methylene blue (4f ¼ 0.52 in
CHCl3).

Compound Absorbance
labs(nm)

Molar absorbtivity
3 (M�1 cm�1)

Fluorescence
lem(nm)

Quantum
yield 4f

3a 711 10.30 � 104 790 9.6 � 10�3

3b 732 2.47 � 104 823 2.98 � 10�3

3c 717 10.44 � 104 774 2.9 � 10�2

2

u
.
)

 3c
 3cCa
 3cCd
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The reaction was monitored by UV for every 1 h and a very
intense peak was obtained at around 700 nm. The absorbance was
found to increase gradually for about 6 h and when there was no
substantial increase in the absorbance, the reaction was stopped
and the product purified by column chromatography. The change in
absorption for different time intervals is obtained as shown in
Fig. 2. The dyes (3a–3c) were characterized by FTIR, NMR, & HRMS.
The results were consistent with proposed structures. All three
dyes are soluble in common organic solvents like chloroform,
dichloromethane and tetrahydrofuran.

The absorbance and fluorescence for the tetrahydroquinoxaline
based squaraine dyes (3a–3c) have been studied and their normal-
ized spectra are shown in Fig. 3. All these dyes show absorption at
around 700 nm and emission at 800 nm in chloroform solution. It
clearly indicates that the greater the electron donating ability of the
donor group, the larger the bathochromic shift when compared to
the parent dye derived from the N,N-dimethylaniline (Fig. 1). The
molar absorption coefficients of tetrahydroquinoxaline based
squaraine dyes are very high, ranging from 2–10�104 M�1 cm�1. To
understand the role of electron donating effect on squaraine dyes,
we further introduced different electron donating groups on tetra-
hydroquinoxaline as shown in Scheme 2. When we introduced
methoxy group on phenyl ring of the tetrahydroquinoxaline an even
more bathochromic shift was observed (Fig. 3). The unsubstituted
tetrahydroquinoxaline based squaraine 3a, exhibits an absorption
maximum at 711 nm but when the methoxy substituent is intro-
duced 3b, there is a red shift of 22 nm. When phenyl group was
attached to pyrazine part of the tetrahydroquinoxalines, it is slightly
red shifted as compared to unsubstituted tetrahydroquinoxalines.
But it did not show the considerable bathochromic shift in absor-
bance spectra unlike methoxy group as a donor. This indicates that
the electron donating group closer to central four membered ring
(acceptor) shows greater overlap with rest of the chromogen. The
corresponding changes in fluorescence spectra of these dyes are
shown in the inset (Fig. 3). The introduction of nitro group to the
tetrahydroquinoxaline moiety decreased the electron donating
ability and as expected the reaction with squaric acid did not yield
the corresponding squaraines. Furthermore, electron donating
groups (R2 & R3 ¼ –CH3) were incorporated on pyrazine part of the
Table 2
Absorbance and fluorescence of 3a–c in different solvents.

Compound Solvent Absorbance labs(nm) Fluorescence lem(nm)

3a Chloroform 711 790
Methanol 728 821
Tetrahydrofuran 704 786
Acetonitrile 713 827

3b Chloroform 732 822
Methanol 743 821
Tetrahydrofuran 724 815
Acetonitrile 733 829

3c Chloroform 717 774
Methanol 733 817
Tetrahydrofuran 708 769
Acetonitrile 716 800
tetrahydroquinoxaline but we found this compound is unstable at
room temperature for structural characterization.

The high molar absorptivity (greater than 104 M�1 cm�1) and
good quantum yield was evident from the absorption and emission
properties of the 3 dyes (Table 1). The degree of red shift in emis-
sion is modest in the case of 3c and 3a. A relatively large red shift in
3b indicates the donor group directly linked to central four (C2O4)
membered ring heavily affects excited state energies of these
molecules. The absorption and the emission properties of the three
dyes in four different solvents like acetonitrile, tetrahydrofuran,
methanol and chloroform are listed in Table 2. When polarity is
changed from non-polar to polar solvent, bathochromic shift is
observed for the absorbance and fluorescence of the 3 dyes.
The large numbers of squaraines have been used as a probe for the
detection of a variety of analytes. We have also investigated the
metal interaction of tetrahydroquinoxaline based squaraine dyes
with different metals ions. Complexation with different metal ions
showed significant change in the absorption peak indicating the
characteristics of the metal interaction involved.

The dye 3c was selected as a representative example because of
its better solubility and stability. The dye 3c (1.96 � 10�5 M) with
the addition of various perchlorate salts did not result in change in
colour but when copper perchlorate was added an apparent
change in colour was observed. The notable change in colour
allows specific visual detection and is represented in Figs. 4 and 5.
The presence of metal ions like lithium, magnesium and zinc
caused less quenching in absorbance at 706 nm whereas addition
of copper salt resulted in decrease in the absorption band at
706 nm, with the concomitant formation of new bands at 652 nm
and 784 nm.

The above results encouraged us to explore the absorption
changes with respect to different concentrations of copper
perchlorate as shown in Fig. 6. As the copper concentration
increases, there is a significant decrease in the absorbance peak at
706 nm and the new peaks at 652 nm and 784 nm increases in
intensity. Martinez-Manez et al. [64] found blue and red shift in
aniline based squaraines upon interaction with the metal ions.
These findings were explained based on the coordination of
nitrogen and oxygen to the metal ions. Dye 3c possess two potential
binding sites i.e. nitrogen from quinoxaline unit and oxygen from
the central four membered ring. This give rise to blue shift around
652 nm and a red shift around 784 nm upon interaction with
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Fig. 5. Colour of the dye 3c solution (1.96 � 10�5 M) in the absence and presence of different metal ions (2.69 � 10�4 M) in THF.
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copper perchlorate salt as shown in Fig. 4. This clearly indicates that
copper ion coordinated with both the binding sites nitrogen as well
as oxygen.

The stoichiometry of the complex formed between the squar-
aine dye 3c and Cu2þ was found to be 2:1 as evidenced from the
Job’s plot (Fig. 7). The above result is conclusive of the fact that the
tetrahydroquinoxaline based squaraines can be used to detect even
small amount of copper selectively. The binding of Cu2þ with the
dye 3c could be attributed to the presence of nitrogen in the qui-
noxaline ring and the electron rich carbonyl group in the squaric
acid as shown in Fig. 8.

4. Conclusion

A new class of NIR emitting squaraines with tetrahy-
droquinoxaline as the donor group has been synthesized and
photophysical properties were investigated. The electron donating
group shows bathochromic shift in absorption as well as in fluo-
rescence. Interaction of squaraine with different metal ions was
carried out in THF and it was found that copper ion can be detected
selectively. The stoichiometry of the complex between the dye and
copper was found out to be 2:1 using Job’s Plot.
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[27] Ros-Lis JV, Martinéz-Máñez R, Soto J. A selective chromogenic reagent for
cyanide determination. Chem Commun 2002:2248.
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