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Abstract: Synthesis and characterization of a novel and zwitterionic double squaraine dye (DSQ) 
with a unique D-A-A-D structure is being reported. Contrary to the conventional mono and bis-
squaraine dyes with D-A-D and D-A-D-A molecular frameworks reported so far, DSQ dye demon-
strated strong solvatochromism allowing for the multiple ion sensing using a single probe by judi-
cious selection of the suitable solvent system. The DSQ dye exhibited a large solvatochromic shift 
of about 200 nm with color changes from the visible to NIR region with metal ion sensitivity. Utili-
zation of a binary solvent consisted of dimethylformamide and acetonitrile (1:99, v/v), highly selec-
tive detection of Cu2+ ions with the linearity range from 50 μM to 1 nM and a detection limit of 6.5 
× 10−10 M has been successfully demonstrated. Results of the Benesi–Hildebrand and Jobs plot anal-
ysis revealed that DSQ and Cu2+ ions interact in the 2:1 molecular stoichiometry with appreciably 
good association constant of 2.32 × 104 M−1. Considering the allowed limit of Cu2+ ions intake by 
human body as recommended by WHO to be 30 μM, the proposed dye can be conveniently used 
for the simple and naked eye colorimetric monitoring of the drinking water quality. 

Keywords: double-squaraine dye; solvatochromism; metal ion sensing; colorimetric detection;  
copper ion chemosensor 
 

1. Introduction 
With the progress of industrial civilization, the water in the environment and the soil 

are polluted by numerous heavy metals in many ways. This threatens the existence of 
other species living in these bodies. Currently, the environmental contamination caused 
by the presence of the toxic metal ions is rising necessitating a significant need for the 
metal ion sensing. Furthermore, the human body has a large number of metal ions, and 
their imbalances result in altered body function, leading to several physiological disorders 
[1]. The quest for the development of novel functional dyes for targeted applications is a 
never-ending journey of the curious human mind. Especially, the bright tunable colors, 
synthetic diversity of organic dyes, sensitivity in the near-infrared (NIR) wavelength re-
gion, and imparting of the targeted functionality by judicious molecular design has 
opened the door for applications, particularly in the area of optoelectronics such as optical 
data storage, imaging, and optical communication [2–7]. Amongst functional organic 
dyes, squaraine dyes, typically bearing a donor(D)-acceptor(A)-donor(D) zwitterionic 
framework, are one of the most interesting classes of organic dyes owing to their excep-
tional light absorption [8,9]. The journey of the squaraine dyes started with the report on 
the synthesis of squaraine dye by condensation of electron-deficient squaric acid with 
electron-donating pyrrole units by Triebs and Jacob [10]. This geared the momentum of 
research for the development of such a class of intensely colored dyes utilizing vastly 
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available electron-donating aromatic rings and squaric acid [11–14]. This quest for the de-
sign and development of novel squaraine dyes started about six decades ago, which is 
expected to be continued in future owing to the plethora of technological applications in 
the area of probes for bioimaging [15,16], semiconducting elements for organic field-effect 
transistors [4,5], next-generation solar cells such as organic thin film, dye-sensitized and 
perovskite solar cells [17,18], huge circular dichroism [19], and fluorescence based electro-
fluorochromic devices [20,21] along with diverse applications in sensing assisted by mo-
lecular self-assembly controlled guest-host interactions [22–26]. 

Apart from huge synthetic diversity owing to the possibility of molecular engineer-
ing in the D-A-D parts of the molecular framework, its beauty lies in the further structural 
control by designing bis-squaraine and polysquaraine dyes aiming toward tuning the op-
tical absorption window from visible to NIR wavelength regions. At the same time, con-
trolling the optoelectronic properties assisted by the molecular self-assembly led to di-
verse applications, especially in sensing [27–31]. A novel bis-squaraine type dye, where a 
flexible multi-glycol unit was flanked by two terminal squaraine dyes was synthesized 
and reported by Ajayghosh et al. having a calcium ion sensing by H-aggregate type folda-
mer formation [32]. Molecular self-assembly is an inherent property of squaraine dyes 
leading to the blue-shifted H-aggregates and red-shifted J-aggregates due to extended π-
conjugation due their planer molecular framework [33]. This allows the more enhanced 
tendency of the molecular self-assembly in the bis-squaraine dyes. Recently it was re-
ported that there is formation of H-aggregate assisted nano-rods and J-aggregate assisted 
nanosheet-like polymorphs in the newly proposed bis-squaraine dyes covering a large 
spectral range from 550 nm to 875 nm [34]. Contrary to classical dyes, solvatochromic dyes 
exhibit change in the optical properties as a function of the changing molecular environ-
ment making them to behave as smart molecules having tremendous potential as sensing 
probes. In this context, orthodox Reichardt’s dye (Betaine 30) showed strong solvato-
chromism exhibiting a change in color in the whole visible spectrum as a function of 
changing solvent polarity and ignited the research on the development of solvatochromic 
dyes for sensing applications [35–37]. At the same time, strong color changes in different 
solvent media allow multi-model detection of target species in different spectral regions 
using a single probe by the judicious selection of the solvents. Unfortunately, the majority 
of the organic solvatochromic dyes reported in the literature exhibit optical responses 
mainly in the visible region of the spectrum. Therefore, there is a need to design and de-
velop novel functional molecules with strong solvatochromic shift from the visible to the 
NIR wavelength region to enhance the horizon of their potential applications especially 
in sensing. 

Herein, we report the synthesis of a novel double squaraine (DSQ) dye with chemical 
structure shown in the Figure 1. This dye not only possesses an excellent solubility in a 
variety of polar and non-polar organic solvents but also strong solvatochromism, paving 
the way for differential and multi-ion sensing using the same target probe by the judicious 
selection of a suitable solvent or solvent mixture. Our newly proposed double squaraine 
dye bears a D-A-A-D double zwitterionic molecular framework. To the best of our 
knowledge such a structure with a large solvatochromic shift of about 200 nm is being 
reported for the first time. This newly proposed DSQ dye is different from the previously 
reported D-A-D structure by typical mono squaraine dyes and D-A-D-A double zwitteri-
onic structure by bis-squaraine dyes. This dye bears alkyl substituted benzo[e]indole as 
electron-rich donor and squaric acid as electron-deficient acceptor units. To have a control 
on the molecular self-assembly/dye aggregation, which is a typical behavior of squaraine 
dyes, alkyl chains at both of the n-positions of the benzo[e]indole ring can be easily intro-
duced and altered to impart the structural and functional diversities and in this present 
work, we have used the ethyl group as a representative alkyl substituent. 
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Figure 1. Molecular structure of the double squaraine (DSQ) dye (1) used for present work. 

2. Results and Discussion 
2.1. Synthesis of the Double-Squaraine (DSQ) Dye (1) 

The DSQ dye (1) was successfully synthesized in four steps as shown in Scheme 1. 
The key precursor (5) was synthesized in three steps from the commercially available 
starting compound 1,1,2-trimethyl-1H-benz[e]indole and diethyl squarate. The reaction 
intermediate (3) was conveniently synthesized in good yield by the quaternization of 
1,1,2-trimethyl-1H-benz[e]indole (2) using iodoethane (7) under reflux in acetonitrile. 
Semi-squaraine dye intermediate (4) was prepared by the condensation of (3) and 3,4-
diethoxysquarate (8) using triethylamine as a base to enhance the deprotonation and re-
activity of the benzoindolium intermediates (4), which was then hydrolyzed to give 
semisquaraine dye (5). The target DSQ dye (1) was finally prepared by the acid-catalyzed 
self-condensation reaction of (5) in the presence of an excess thionyl chloride (SOCl2) as 
an acid catalyst in ether. The structural of the final DSQ dye (1) and their corresponding 
intermediates were verified by Mass and NMR spectral investigations (Supplementary 
Materials, Figure S1–S15). It is worth to mention here that the overall yield of the target 
dye by this synthesis route is too low (8.2%). In order to improve the synthetic yield of the 
double squaraine dye, we adopted an improved synthetic route as shown in Scheme 2. In 
this improved method, synthetic intermediate (3) was reacted with 0.45 equivalent of 
squaric acid (9) in toluene and 1-butanol mixture (1:1, v/v) to give the symmetrical mono 
squaraine dye (6). This symmetrical squaraine dye has a double bond, which can be at-
tacked again by nucleophilic squaric acid (9), since the reactivity of the double bond is 
reduced due to the presence of squaric acid (9) moiety but reaction conditions, especially 
the choice of solvent, play a crucial role in the promotion of the condensation reaction. 
The use of a mixture of toluene and 1-butanol in (5:1, v/v) ratio was important to obtain 
the target DSQ dye (1) at a 25% yield. This proposed improved method not only improved 
the overall yield (19%) but also further verified the structure of the DSQ dye (1). At the 
same time, conversion of the typical mono squaraine dye to double squaraine dye by this 
improved synthetic route opens the door for the synthesis of a variety of symmetrical and 
unsymmetrical double squaraine dyes by altering the diverse variety of electron-donating 
heterocyclic units. 
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Scheme 1. Synthetic route for the DSQ dye (1). 

 
Scheme 2. Improved synthetic route for the synthesis of DSQ dye (1). 

2.2. Solvatochromism in the DSQ Dye 
Solvatochromism is basically a change in the color of target molecule by change in 

the molecular environment created by solvent molecules by differential interactions be-
tween target and solvent molecules. This imparts the inherent tendency of sensing to the 
solvatochromic molecules by the changing molecular environment as external stimulus 
and the possibility of controlling this interaction by judicious selection of the suitable sol-
vent media. To investigate the solvatochromism, the synthesized DSQ dye was dissolved 
in different polar and non-polar organic solvents followed by the observation of change 
in color by naked eye and spectral investigation by the UV-visible-NIR electronic absorp-
tion spectroscopy as shown in the Figure 2. It can be seen from the Figure 2a that, under 
natural light conditions, there was a distinct change in color by the naked eye for the 20 
μM solution of DSQ dye in different polar and non-polar organic solvents demonstrating 
strong solvatochromism. To investigate this qualitative color change observed by naked 
eye in more detail, electronic absorption spectra of these different solvents was also rec-
orded and shown in Figure 2b. It can be seen from this figure that DSQ dye exhibits strong 
solvatochromism having absorption spectral features ranging from visible to NIR wave-
length regions (450–800 nm) in different solvents. Contrary to this dye, its mono-squaraine 
dye (6) as well as semi-squaraine dye (4) counterparts exhibits weak solvatochromism 
with only a small change of 20–30 nm in the absorption maximum (λmax) (Supplementary 
Material, Figure S16a,b) demonstrating that our newly proposed double squaraine dye 
(DSQ dye) functions as a potential solvatochromic dye probe. 
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Figure 2. (a) Naked eye view of the DSQ (1) dissolved in different solvents (20 μM), (b) UV-vis 
spectra of the DSQ (1) in different solvents (15 μM), (c) UV-Vis spectra of DSQ (1) dissolved in dif-
ferent ratio of DMF/ACN (15 μM). 

A perusal of the Figure 2b clearly corroborates that the spectral features can be 
grouped into two major classes, one exhibiting dominant absorption between 600–800 nm 
by typical dipolar solvents (DMF, DMSO) and protic solvents (methanol, ethanol) while 
second where the dominant absorption manly in the 450–650 nm exhibited by acetonitrile, 
tetrahydrofuran (THF), ethyl acetate, toluene, chloroform, acetone, 2-propanol, n-butanol 
and acetic acid (AcOH). Blue-shift absorption in the 450–650 nm range is thought to be 
caused by the production of H-aggregates. It has been widely reported that squaraine 
dyes exhibit blue-shifted spectral features due to H-aggregate formation various efforts 
has been directed to control this aggregation behavior for controlling the functionality in 
photovoltaics and sensing [38]. In DMF, DMSO, methanol, ethanol, DSQ dye (1) predom-
inantly exists in monomeric state due to these dipolar solvents have significant dye-sol-
vent dipole-dipole interactions to hampering of the dye-aggregation in the monomeric 
state. The differential of the spectral features of the DSQ dye in protic solvent of methanol, 
ethanol, n-butanol, 2-propanol and AcOH could be attributed to the different of their di-
electric constant. This argument is further validated by the fact that contrary to methanol 
(ε = 32.2) and ethanol (ε = 24.5), use of 2-propanol (ε = 19.9), 1-butanol (ε = 17.5) and AcOH 
(ε = 6.2) leads to not only visual change in the color of the solution but also pronounced 
decrease in the absorbance around λmax of 710 nm and concomitant increase in the absorb-
ance around λmax of 580 nm [39]. 

Considering the two dipolar organic solvents acetonitrile (ACN) and DMF with high 
and nearly similar dielectric constants [40] of 37.5 and 37.8 exhibit contrasting color and 
absorption spectral features with λmax of 592 nm and 728 nm, respectively. We investigated 
the spectral changes of the DSQ dye in the different ratio of binary solvent mixtures con-
sisted of ACN and DMF and results are shown in Figure 2c. The excited-state interactions 
such as change in the conformation, charge (electron/proton) transfer, and non-covalent 
interactions with solvent molecules such as van der Waals forces have been widely used 
to explain differential solvatochromic behavior in the functional organic molecules [41–
46]. This contrasting solvatochromic behavior in these solvents can be explained consid-
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ering the differential aggregation behavior of the DSQ dye taking dipole-dipole, and hy-
drogen bonding interactions between the dye and solvent molecules. DMF is a strong hy-
drogen bond acceptor (HBA), while acetonitrile has a weak HBA tendency [47]. The strong 
HBA tendency of DMF favors the dye to exist in the monomeric state. On the other hand, 
weak HBA of ACN leads to the formation of H-aggregates resulting in the hypsochromic 
shift in the absorption spectrum. In order to further verify the H-aggregation formation 
in the DSQ solution, we investigated the absorption spectra of the different concentrations 
of DSQ dye in DMF (Supplementary Materials, Figure S17). At the lower concentration, 
the peak at 726 nm appears, indicating the absorption of the dye in mono-molecule state. 
As the concentration of the DSQ dye solution increases, 554 nm and 600 nm peaks appear, 
suggesting a blue shifted absorption spectral features. These spectral changes at higher 
concentration validates the formation of H-aggregation. Kim et al. have also emphasized 
that squaraine dyes easily form H-aggregates leading to blue-shifted absorption spectral 
features [48]. Another possible reason for this contrasting spectral behavior between the 
ACN and DMF could be attributed to the differential molecular planarization in these 
solvents. The possibility of strong coordination between the dye molecule and DMF as 
compared to ACN leads enhanced molecular planarity leading to extended effective π-
conjugation, which is supported by a theoretical molecular orbital calculation (MO) cal-
culation using Gaussian (G09) program [49]. A perusal of the optimized molecular struc-
ture of the DSQ dye reveals that, unlike typical mono-squaraine dyes exhibiting planar 
dye molecular structure, double squaraine dye exhibits a slightly non-planar bent struc-
ture in the isolated gaseous state. Interaction of the dye with strong HBA solvents leads 
to the hydrogen bond-assisted molecular planarization, resulting in the extension of the 
effective π-conjugation and red-shift in the absorption maximum (Supplementary Mate-
rials, Figure S18). 

2.3. Harnessing the Potentiality of DSQ Dye in Metal Ion Sensing 
Metal ion sensing for the environment and health monitoring is a fast-growing re-

search field where solvatochromic dye probes are expected to play a dominant role. Using 
a series of D-π-A molecular framework-based visible light absorbing solvatochromic 
dyes, Xie et al. demonstrated sensing of Na+, K+ and H+ ions and K+ ion selective nanosen-
sor [50,51]. Although their proposed dyes exhibited solvatochromic behavior, the extent 
of the solvatochromic shift was small and exhibited negative solvatochromism with the 
solvent polarity. Considering the contrasting absorption spectral features of DSQ dye in 
ACN and DMF, we dissolved DSQ dye in different combinations of solvent mixtures such 
as DMF/Water (1:1, v/v) and DMF/ACN (1:99, v/v) and explored the differential metal ion 
sensing behavior. 

2.3.1. Investigation of Metal Ion Sensing in the DMF/Water Solvent System 
10 μM solution of DSQ dye prepared in the DMF/H2O (1:1, v/v) was treated with the 

5 equivalents of different mono and multivalent ions such as Li+, Na+, K+, Mg2+, Ca2+, Zn2+, 
Mn2+, Ba2+, Cs+, Pb2+, Ag+, Cd2+, Al3+, Sr2+, Cu2+, Fe3+, Cr3+, Fe2+, Ni2+, Co2+ and obtained results 
in terms of change color along with the absorption spectral feature are shown in Figure 3. 
It can be seen from the photographs shown in Figure 3a that blank containing only DSQ 
dye in this solvent system exhibits cyan color and there was change in the color of the 
solution in the presence of some metal ions such as Ag+, Al3+, Cu2+, Fe3+, Cr3+, Fe2+, where 
this changes in color in the presence of Ag+ and Cu2+ ions were highly conspicuous as 
visualized by the naked eye. To have an in-depth insight about these visual color changes, 
absorption spectra solution of the dye in the presence and absence of metals ions were 
also recorded and shown in Figure 3b. The cyan color of the blank solution is associated 
with monomeric dye absorption mainly in the NIR wavelength region appearing at the 
λmax of 706 nm. In the presence of Al3+ and Cr3+, the color of the solution changed from 
cyan to the bright blue along with clear change absorption spectral feature, where absorb-
ance at 706 nm was found to decrease and there was the appearance of a new and blue-
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shifted peak appearing at the λmax of 620 nm with the isosbestic point around 648 nm. In 
the presence of Fe3+, Fe2+ visible change in color of the solution was small and is associated 
with absorption spectral changes with decrease in peak at 706 nm with enhanced absorp-
tion at 620 nm and attributed to the hypochromic effect by the Fe3+, Fe2+ ions to the DSQ 
dye in DMF/H2O (1:1) solvent system. A perusal of Figure 3a indicates an obvious and 
remarkable change in the color of the DSQ dye (1) in the DMF-water (1:1) solvent system 
from cyan to light yellow in the presence of Cu2+ and Ag+ ions indicating their very strong 
interaction with the DSQ dye (1). This strong interaction was further confirmed by the 
clear absorption spectral changes as shown in the Figure 3b exhibiting highly diminished 
optical absorption around 706 nm. At the same time, with the increasing concentration of 
these ions, there was a fast and sharp decrease in the absorption peak associated with the 
monomeric dye molecules appearing at 706 nm, further validating their very strong inter-
action with the DSQ 1 dye molecules. 

This DMF/H2O (1:1) solvent system exhibits sensing behavior (although not selective 
for a particular ion) with the Ag+, Al3+, Cu2+, Fe3+, Cr3+, Fe2+, concentration dependent spec-
tral change with these ions was measured, which is shown in the Figure 3c. It can be seen 
from this figure that, in the presence of these ions, absorption at 706 nm associated with 
the monomeric dye molecules decreases as a function of increasing ion concentration this 
change in the absorbance was more pronounced in the metal ion concentration range of 
10−6 M–10−4 M). Therefore, it can be concluded that the dye DSQ dye exhibits sensing to-
wards Ag+, Al3+, Cu2+, Fe3+, Cr3+, Fe2+ ions of the DMF/H2O (1:1) solvent system but consid-
ering the strong solvatochromism in this newly designed dye, selectivity for a particular 
ion could be possible by the judicious selection of a suitable solvent or solvent mixture. 

 
Figure 3. Sensitivity of the 10 μM solution of the DSQ dye dissolved in DMF/H2O (1:1, v/v) solvent 
mixture treated with 5 equivalents of different metals ion exhibiting changes in the color (a), elec-
tronic absorption spectra (b) and change in the absorbance of the dye at 706 nm as a function of 
metal ion concentration for the metal ions such as Ag+, Cu2+, Fe3+, Al3+, Cr3+ and Fe2+ (c). 



Molecules 2022, 27, 6578 8 of 16 
 

 

2.3.2. Selective Metal Ion Sensing Utilizing DMF/ACN Solvent System 
Our exploration for selective metal ion sensing in different solvents resulted in the 

selection of DMF/ACN solvents owing to their contrasting spectral changes from visible 
(ACN) to NIR (DMF) wavelength region graduation change in the spectral features upon 
changing their relative ratio as shown and discussed in the Section 2.2. To accomplish this, 
10 μM solution DSQ dye in the (1:99, v/v) DMF/ACN solvent system was treated with the 
five equivalent different metal ions, such as Na+, K+, Mg2+, Ca2+, Zn2+, Mn2+, Ba2+, Cs+, Pb2+, 
Ag+, Cd2+, Al3+, Sr2+, Cu2+, Fe3+, Cr3+, Fe2+, Ni2+, Co2+, and photographs of visual color change 
along with the absorption spectral behavior in the presence and absence of the different 
metal ions are shown in Figure 4. A perusal of this figure clearly corroborates that DSQ 
dye in this solvent system light blue color (blank) and there was a conspicuous change in 
the color of solution from blue to bright red-violet in the presence of Cu2+ ion only as 
shown in Figure 3a demonstrating the potential of this dye to work as a selective Cu2+ ion 
chemosensor. Although monitoring metal ions play dominant role in controlling the en-
vironmental pollution and human health conditions, amongst various metal ions Cu2+ is 
the 3rd most abundant metal ion in the human body, controlling various physiological 
processes [52]. Increased levels of this ion in the human body leads to several diseases 
such as Menkes syndrome, Wilson’s disease, Alzheimer’s disease, etc. [53–55]. Electronic 
absorption spectra of the DSQ dye in this solvent system (DMF/ACN, 1:99), as shown in 
Figure 4b, exhibit λmax at 592 nm corresponding to the observation of the blue color. It is 
interesting to see that except in the presence of the Cu2+ ion, presence of other metal ions 
does not result in any change in the absorption spectral feature, validating the selective 
detection of Cu2+ ions by the DSQ dye in this solvent system. It can also be seen that after 
the addition of Cu2+ ions, the absorbance of DSQ dye appearing at the 592 nm decreases 
and a new peak appears at the λmax at the 554 nm, which is responsible for the appearance 
of the red-violet color. The reason behind this shift peak can be attributed to formation of 
higher H-aggregation of DSQ-Cu2+ complex with increase in concentration of Cu2+ ions. 
On the contrary, after adding the same concentration of other ions, there was almost no 
change in the absorption spectra further suggesting that DSQ dye in this solvent system 
could serve a colorimetric and selective Cu2+ chemosensor. One can argue that sensitivity 
of the dye with Cu2+ ion is not due to aggregation but associated with complex formation 
without undergoing the molecular aggregation. He at al has reported the formation of 
complex on addition of metal ion to their dye, which imparts fluorescence [56]. But, in 
case of DSQ dye, this possibility is ruled out, since the dye is not showing fluorescence in 
presence of Cu2+. This is due to the formation of strong H-aggregation in the dye ion sys-
tem. These π-π interactions might well be strongly reflected by the overlaps in π-conju-
gated system, facilitating the development of excimers and, as a result, emission quench-
ing and the aggregation induced quenching effect as reported by Ma et al. [57] and Huang 
et al. [58]. In this present work, lack of the observed fluorescence in the presence of Cu2+ 
ions clearly corroborate that the observed behavior is due to aggregation. 

In order to further investigate the selective recognition of DSQ dye in the presence of 
Cu2+ ions, concentration dependent titration was conducted. To accomplish this, DSQ dye 
was dissolved in the DMF/ACN (1:99, v/v) solvent mixture followed by the addition of 
different concentrations of Cu2+ ions and measurement of the absorption spectra as shown 
in Figure 5. A perusal of the Figure 5a reveals that addition of Cu2+ ions in the 10 μM 
solution of DMF/ACN (1:99, v/v) leads to the concomitant decrease in the absorbance at 
the 592 nm. Therefore, the absorbance at this wavelength was plotted as a function of Cu2+ 
concentration (10−11 M–10−4 M) as shown in the Figure 5b, which depicts a linear change in 
the absorbance in the concentration range of nM to μM and after 50 μM, the absorbance 
becomes constant. 
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Figure 4. Sensitivity of the 10 μM solution of the DSQ (1) dissolved in DMF/ACN (1:99, v/v) solvent 
mixture treated with five equivalents of different metals ion exhibiting visual color change (a) and 
change in the electronic absorption spectra (b). 

 
Figure 5. UV−visible absorption spectra of DSQ (1) (10 μM in 1% DMF−ACN) in the presence of 
varying concentration of Cu2+ ions (a) and change in the absorbance at 592 nm upon addition of Cu2+ 
ions (b), Benesi−Hildebrand plot for continuous titration of DSQ dye solution by the Cu2+ ions (c) 
and Job’s plot for the interaction of DSQ−Cu2+ ion complexation (d). 
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Therefore, the analysis of this Figure 5b reveals that DSQ dye in this solvent system 
of DMF/ACN (1:99, v/v) exhibits linear detection of the Cu2+ ion in the concentration range 
1 nM to 50 μM with the limit of the detection to be 6.5 × 10−10 M (Supplementary Materials, 
Figure S19). It is worth to mention here that World Health Organization have recom-
mended a maximum allowed limit of the Cu2+ ions in the drinking water to be up 30 μM 
[55]. Therefore, present DSQ dye based Cu2+ ion sensor can be easily used for checking the 
quality of the drinking water owing to the visual color change of dye in this solvent system 
from blue to the red-violet. By the absorption spectrum-based titrimetric investigation, it 
was found that at lower concentration of Cu2+ ions, the DSQ dye-ion binding was guided 
by a strong electrostatic interactions and quantitative estimation of the binding of Cu2+ 
ions to the dye molecules was analyzed by the Benesi–Hildebrand Equation (1). 

1
𝐴𝐴0 − 𝐴𝐴

=
1

𝑘𝑘𝑎𝑎(𝐴𝐴1 − 𝐴𝐴0)[𝐶𝐶𝑢𝑢2+]𝑛𝑛 +
1

𝐴𝐴1 − 𝐴𝐴0
 (1) 

where Ao, A and A1 are the absorbance in absence, intermediate and at maximum presence 
of Cu2+ concentration, respectively, and ka is the association constant. The plot 1/(Ao-A) 
versus 1/[Cu2+]n as shown Figure 5c gives a straight line, when n = 2, indicating 2:1 stoi-
chiometry for DSQ-Cu2+ complexation. The association constant (ka) can be determined 
from the slope of the straight line of this plot, which was found out to be 2.32 × 104 M−1 
indicating a strong binding of the metal ion with the dye. The value of this ka was further 
used to calculate Gibb’s free energy change (ΔG) for the dye complex formation using the 
Equation (2). 

𝛥𝛥𝐺𝐺 = −𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙 𝑘𝑘𝑎𝑎 (2) 

where R and T are universal gas constant and absolute temperature, respectively. The 
Gibbs free energy change was estimated to be −25.07 kJ mol−1 and such a high and negative 
value of ΔG indicates the feasibility of the spontaneous DSQ-Cu2+ complex formation. The 
2:1 stoichiometry for dye and Cu2+ ion complexation estimated by the analysis of the 
Benesi–Hildebrand equation was further confirmed by using the Job’s plot as shown in 
Figure 5d. It can be seen from this figure that in the case of [Cu2+]/[DSQ-Cu2+] to be 0.6, the 
value of ΔA was found to be the largest validating the stoichiometric ratio of DSQ dye 
and Cu2+ to be the 2:1. In practical applications, the sensor must be highly selective and 
free of interference from other prospective rivals. The less interference there is, the greater 
the detecting effect. The DSQ dye was analyzed for a matrix of various cations in order to 
conduct a competitive experimental study (Supplementary Materials, Figure S20). It was 
discovered that the DSQ dye did not detect the presence of other cations, however on 
addition of Cu2+, it was recognized by the DSQ dye. This signifies that all the cations did 
not interfere with the identification of Cu2+. 

3. Experimental 
3.1. General Information 

1-iodoethane, diethylsquarate, trimethylamine, thionyl chloride, squaric acid were 
purchased from Tokyo Chemical Industry Co., Ltd. (Japan) and used as received. Metha-
nol-d4, DMSO-d6, CuCl2, Ni(NO3)2, AgNO3 were purchased from Sigma-Aldrich (Ger-
many). 1,1,2-trimethyl-1H-benzo[e]indole, acetonitrile, ethanol, NaOH, diethyl ether, tol-
uene, n-Butanol, dimethyl sulfoxide (DMSO), chloroform (CHCl3), dichloromethane 
(DCM), dimethylformamide (DMF), 1,4-dioxane, acetone, acetonitrile (ACN), acetic acid 
(AcOH), methanol, tetrahydrofuran (THF), ethyl acetate, 2-propanol, deuterated chloro-
form (CDCl3), LiCl, NaCl, KCl, CaCl2, MgCl2, MnCl2·4H2O, Ba (NO3)2, Sr(NO3)2, Pb(NO3)2, 
FeCl2·4H2O, FeCl3, CoCl2·6H2O, ZnCl2, CdCl2, AlCl3 were purchased from Wako chemical 
company (Richmond, VA, USA) and used as received. All the aqueous solutions were 
prepared with Milli-Q water (18.2 MΩ·cm, Millipore S. A. S., France). All reactions were 
carried out under an atmosphere of N2 using anhydrous solvents unless otherwise stated. 
Synthesized double squaraine dyes and intermediates were confirmed by MALDI-TOF-
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mass or high-resolution FAB-mass (HR-MS) in positive ion monitoring mode and nuclear 
magnetic resonance spectroscopy (NMR 500 MHz). The UV-Vis absorption spectrum was 
obtained with an UV-visible-NIR spectrophotometer (JASCO V-570). 

3.2. Synthetic Procedure 
Synthesis of 3: To the mixture of 1,1,2-trimethyl-1H-benzo[e]indole (6.3 g, 30.0 mmol) 

in 50 mL acetonitrile was added iodoethane (7) (9.6 mL, 120.0 mmol). The resulting mix-
ture was refluxed 18 h. The TLC showed the start material was consumed completely. The 
reaction was cooled to room temperature, 150 mL ethyl acetate was added, and the result-
ing precipitate was filtered and washed with ethyl acetate to obtain the grey solid as titled 
compound 3, 11.0 g in 100% yield. 1H NMR (500 MHz, MeOD) δ 8.33 (d, J = 8.5 Hz, 1H), 
8.24 (d, J = 8.9 Hz, 1H), 8.15 (d, J = 8.3 Hz, 1H), 8.04 (d, J = 8.9 Hz, 1H), 7.80 (dd, J = 6.9, 15.4 
Hz, 1H), 7.71 (dd, J = 6.9, 15.2 Hz, 1H), 4.70 (q, J = 7.4 Hz, 2H), 1.84 (s, 6H), 1.64 (t, J = 7.4 
Hz, 3H); 13C NMR (500 MHz, MeOD) δ 197.06, 139.45, 138.75, 135.15, 132.40, 131.00, 129.66, 
129.09, 128.63, 124.41, 113.76, 57.21, 45.18, 22.34, 13.56; HRMS calcd. for C17H20N+ [M+] 
238.16, found 238.16. 

Synthesis of 4: To the solution of 3 (9.0 g, 24.6 mmol) in 50 mL ethanol was added 
diethyl squarate (4.2 g, 24.6 mmol) and trimethylamine (10.3 mL, 73.8 mmol). The result-
ing solution was stirred at room temperature for 15 h giving yellow precipitate. This yel-
low precipitate was filtered and washed with 100 mL cold ethanol to obtain the titled 
compound 8.5 g as a yellow solid product in yield 97%. 1H NMR (500 MHz, CDCl3) δ 8.10 
(d, J = 8.5 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), 7.85 (d, J = 8.7 Hz, 1H), 7.53 (dd, J = 8.2, 15.3 Hz, 
1H), 7.38 (dd, J = 6.9, 15.0 Hz, 1H), 7.23 (d, J = 8.7 Hz, 1H), 5.46 (s, 1H), 4.93 (q, J = 7.1 Hz, 
2H), 4.01 (q, J = 7.2 Hz, 2H), 1.90 (s, 6H), 1.57 (t, J = 7.1 Hz, 3H), 1.39 (t, J = 7.2 Hz, 3H); 13C 
NMR (500 MHz, CDCl3) δ 192.68, 187.09, 186.99, 173.23, 169.85, 139.19, 132.55, 130.77, 
129.67, 129.58, 128.54, 127.12, 123.70, 122.13, 109.44, 80.46, 69.83, 49.79, 37.78, 26.55, 15.94, 
11.66; TOF mass ESI+ calcd. for C23H23NO3 [M + Na] 384.17, found 384.16. 

Synthesis of 5: To the solution of 4 (1.5 g, 4.2 mmol) in 8 mL ethanol was added 0.8 
mL 40% aq. NaOH. The resulting mixture was stirred overnight at room temperature lead-
ing to the yellow precipitate. The yellow precipitate was filtered and washed with 10 mL 
cold ethanol to obtain the titled compound 1.3 g as a yellow solid product at a yield 85%. 
1H NMR (500 MHz, DMSO-d6) δ 8.06 (d, J = 8.5 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.81 (d, J = 
8.7 Hz, 1H), 7.44 (dd, J = 8.2, 15.3 Hz, 1H), 7.33 (d, J = 8.7 Hz, 1H), 7.23 (dd, J = 7.8, 14.9 Hz, 
1H), 5.46 (s, 1H), 3.88 (q, J = 7.1 Hz, 2H), 1.84 (s, 6H), 1.20 (t, J = 7.0 Hz, 3H); 13C NMR (500 
MHz, DMSO) δ 209.57, 195.17, 178.54, 158.96, 141.03, 129.60, 129.30, 129.22, 129.18, 129.01, 
126.72, 121.91, 121.51, 109.73, 83.69, 47.81, 40.00, 36.29, 26.76, 11.25; HRMS calcd. for 
C21H18NNaO3 [M + H] 356.12, found 356.12. 

Synthesis of 6: To the solution of 3 (3.65 g, 10.0 mmol) in 40 mL dehydrated toluene/n-
butanol (v/v = 1/1) was added squaric acid (9) (0.57 g, 5.0 mmol). The reaction mixture was 
subjected to azeotrope reflux at 120 °C using Dean–Stark trap for overnight. After the 
completion of the reaction, the solvent was evaporated, and the crude product was puri-
fied by silica-gel flash column chromatography using chloroform–methanol as an eluting 
solvent. Collected the pure fraction, evaporated the solvent and dried in vacuum to obtain 
2.1 g of the titled compound 6 as a blue black solid in 76% yield. 1H NMR (500 MHz, 
DMSO-d6) δ 8.23 (d, J = 8.5 Hz, 1H), 8.03 (d, J = 6.0 Hz, 1H), 8.02 (d, J = 5.2 Hz, 1H), 7.71 (d, 
J = 8.9 Hz, 1H), 7.62 (dd, J = 6.9, 15.2 Hz, 1H), 7.45 (dd, J = 7.8, 14.9 Hz, 1H), 5.86 (s, 1H), 
4.27 (q, J = 6.9 Hz, 2H), 1.96 (s, 6H), 1.35 (t, J = 7.1 Hz, 3H); 13C NMR (500 MHz, DMSO-d6) 
δ 177.51, 169.81, 139.29, 133.15, 130.84, 129.79, 129.72, 127.96, 127.41, 124.13, 122.21, 111.09, 
85.51, 50.52, 38.14, 26.13, 12.06; HRMS calcd. for C38H36N2O2 [M + H] 553.28, found 553.28. 

Synthesis of 1: 
Method 1: To the suspension of (5) (0.36 g, 1.0 mmol) in 10 mL anhydrous ether was 

added thionyl chloride (0.145 mL, 2.0 mmol) and resulting mixture was stirred for 30 min 
at 0–5 °C. The solvent and excess thionyl chloride was evaporated mildly under reduced 
pressure and the residue was dissolved in 12 mL of dehydrated toluene/n-butanol (5:1 
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v/v) mixture. The reaction mixture was subjected to azeotrope reflux using Dean–Stark 
trap for overnight. After the completion of the reaction, the solvent was evaporated, and 
the crude product was purified by silica-gel flash column chromatography using hexane-
ethyl acetate as an eluting solvent. Collected the pure purple fraction, dried with Nitrogen 
gas flow to obtain 65 mg of the titled compound (1) as a purple black solid in 10% yield. 

Method 2: To the solution of (6) (0.55 g, 1.0 mmol) in 12 mL dehydrated toluene/n-
butanol (v/v = 5/1) was added squaric acid (9) (0.11 g, 1.1 mmol) and the reaction mixture 
was refluxed at 120 °C for overnight. Squaric acid (9) (0.1 g, 1.0 mmol) was added into the 
above reaction and refluxed for 10 h more. TLC showed the start material was remaining 
about 30%. Squaric acid (9) (0.1 g, 1.0 mmol) was added into the above reaction and re-
fluxed for 8 h more. TLC showed the starting material not reduced any more, therefore, 
stopped the heating and cooled to room temperature. The solvent was evaporated, and 
the crude product was purified by silica-gel flash column chromatography using chloro-
form-methanol as an eluting solvent. Collected the pure blue fraction, evaporated the sol-
vent and dried in vacuum to obtain 160 mg of the titled compound (1) as a purple black 
solid in 25% yield. 

1H NMR (500 MHz, DMSO-d6) δ 8.42 (d, J = 2.6 Hz, 1H), 8.40 (d, J = 3.8 Hz, 1H), 8.31 
(d, J = 7.2 Hz, 1H), 8.30 (d, J = 3.4 Hz, 1H), 8.29 (d, J = 1.6 Hz, 1H), 8.07 (d, J = 8.46 Hz, 1H), 
7.92 (d, J = 8.6 Hz, 1H), 7.78–7.84 (m, 2H), 7.53 (d, J = 8.9 Hz, 1H), 7.48 (t, J = 7.4, 7.8 Hz, 
1H), 7.34 (t, J = 7.7, 7.2 Hz, 1H), 5.48 (s, 1H), 4.63 (dd, J = 7.1, 8.0 Hz, 2H), 4.05 (d, J = 7.2 Hz, 
2H), 1.78 (s, 6H), 1.74 (s, 6H), 1.46 (t, J = 7.2 Hz, 3H), 1.23 (t, J = 7.7 Hz, 3H), 1.26 (s, 1H); 13C 
NMR (500 MHz, CDCl3) δ 197.31, 194.61, 193.41, 192.65, 180.61, 178.31, 167.91, 167.19, 
158.25, 157.59, 139.75, 139.62, 137.30, 133.82, 132.50, 130.97, 130.66, 129.98, 129.72, 129.61, 
128.75, 128.52, 128.30, 127.72, 127.05, 123.54, 123.41, 122.10, 112.60, 109.51, 83.91, 82.69, 
58.65, 49.78, 45.13, 37.82, 26.45, 26.24, 23.19, 22.73, 13.01, 11.93; HRMS calcd. for C46H36N2O5 

[M + H] 649.26, found 649.27. 

3.3. Preparation of Solutions for the Solvatochromism Investigation 
Stock solutions were prepared by weighing the solid of DSQ dye on a 5-digital ana-

lytical balance and adding ethyl acetate to make a 15 mM solution. Transfer 30 μL of 1.5 
mM DSQ dye solution by volumetric pipette into each transparent glass bottle and dried 
it in vacuum. Then added 3 mL different supper dehydrate solvent into each bottle con-
tained dry DSQ dye and sonicated for 5 min to ensure complete dissolution. The absorp-
tion spectra of each sample were measured in duplicate in the wavelength range from 
400–800 nm. In the case of compounds 4 and 6, solvatochromism investigation was con-
ducted by the same method as for the DSQ dye. 

3.4. Preparation of Stock Solutions of Metal Ions 
100 mM metal ion stock solutions were prepared by chloride salt (LiCl, NaCl, KCl, 

CaCl2, MgCl2, MnCl2·4H2O, FeCl2·4H2O, FeCl3, CoCl2·6H2O, ZnCl2, CdCl2, AlCl3 and ni-
trate salt (Ba(NO3)2, Sr(NO3)2, Pb(NO3)2 dissolved in Milli-Q water (18.2 MΩ·cm, Milli-
pore). 1 mL of 100 mM each metal ion solution was diluted to 10 mL by adding water to 
make 10 mM metal ion stock solutions. Different concentration of metal ion solutions were 
prepared by using similar methods. 

3.5. Metal Ion Sensing by Absorption Spectral Measurement 
All the solutions for measurement were prepared by using small volumes (2–20 μL) 

of different concentrations of each metal ion, adding into 2 mL DSQ dye solution, and 
mixing well (20 μL Milli-Q water was added into 2 mL DSQ dye solution, the UV-visible 
spectrum of the DSQ dye has no effect and it was regarded as a reference sample (blank)). 
The measurements were taken within 10 min of preparation of solutions. The Cl− anion 
used in the metal ions (LiCl, NaCl, KCl, CaCl2, MgCl2, MnCl2·4H2O, FeCl2·4H2O, FeCl3, 
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CoCl2·6H2O, ZnCl2, CdCl2, AlCl3) and NO3− anion used in the metal ions (Ba (NO3)2, 
Sr(NO3)2, Pb(NO3)2 have no effect to the DSQ dye in the solvent system of this work. 

3.6. Density Functional Theory (DFT) Calculation 
The structures of structure DSQ dye were optimized using density functional theory 

with the B3PW91 hybrid functional by using a 6-311 basis set. Theoretical MO computa-
tion was performed using the Gaussian 16 program package [49]. 

4. Conclusions 
In summary, we have synthesized and characterized a novel and zwitterionic double 

squaraine dye with unique D-A-A-D π-conjugated molecular structure. Newly proposed 
double squaraine dye has demonstrated strong positive solvatochromism having absorp-
tion spectral changes encompassing from visible to NIR wavelength region. This opens 
the door for unique and multiple ion sensing using a single probe in judiciously selected 
solvent systems. The corresponding double squaraine dye exhibited not only large solva-
tochromic range of about 200 nm but also strong spectral and color changes in the pres-
ence of metal ions. Judicious selection of a binary solvent mixture consisted of DMF and 
ACN (1:99, v/v), selective detection of Cu2+ ion with the linearity from 50 μM to 1 nM have 
been successfully demonstrated. Benesi–Hildebrand and Jobs plot analysis for interaction 
between the double squaraine dye and Cu2+ ion clearly corroborated the formation of 2:1 
dye-Cu2+ ion complex with appreciably good association constant of 2.32 × 104 M−1. Con-
sidering the WHO allowed limit of Cu2+ ions intake by human body to be 30 μM, the pro-
posed dye can be used for the simple naked eye colorimetric monitoring of quality of the 
drinking water. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/molecules27196578/s1, Figure S1: 1H NMR spectrum of 3 in 
MeOD; Figure S2: 13C NMR spectrum of 3 in MeOD; Figure S3: 1H NMR spectrum of 4 in CDCl3; 
Figure S4: 13C NMR spectrum of 4 in CDCl3; Figure S5: 1H NMR spectrum of 5 in DMSO; Figure S6: 
13C NMR spectrum of 5 in DMSO; Figure S7: 1H NMR spectrum of 6 in DMSO; Figure S8: 13C NMR 
spectrum of 6 in DMSO; Figure S9: 1H NMR spectrum of 1 in DMSO; Figure S10: 13C NMR spectrum 
of 1 in CDCl3; Figure S11: HR-MS spectrum of 3; Figure S13: HR-MS spectrum of 5; Figure S14: HR-
MS spectrum of 6; Figure S15: HR-MS spectrum of 1; Figure S16: (a) UV-Vis spectra of 6 dissolved 
in different super dehydrated solvent (25 μM) and (b) UV-Vis spectra of 4 dissolved in different 
super dehydrated solvents (10 μM); Figure S17: UV-Vis absorption of different concentration of DSQ 
(1) dissolved in DMF; Figure S18: The three-dimensional structure of 1 utilizing Theoretical MO 
calculation (Gaussian G09 program); Figure S19: Change in absorption at 592 nm upon addition of 
Cu2+ ions showing limit of detection; Figure S20: UV-Vis absorption at 592 nm of 10 μM DSQ (1) 
(dissolved in DMF/ACN, 1:99, v/v) in different ion solutions after addition of Cu2+. 

Author Contributions: Conceptualization, L.T. and S.S.P.; methodology, L.T.; validation, L.T.; for-
mal analysis, L.T. and S.S.; investigation, L.T.; writing—original draft preparation L.T.; writing—
review and editing, L.T., S.S., and S.S.P.; DFT calculation, S.S.P. All authors have read and agreed 
to the published version of the manuscript. 

Funding: This research received no external funding. 

Data Availability Statement: The data are available on request. 

Conflicts of Interest: The authors declare no conflict of interest. 

Sample Availability: Samples of the compounds 1, 3-6 are available from the authors. 

References 
1. Zhang, Y.; Wang, B.; Cheng, Q.; Li, X.; Li, Z. Removal of Toxic Heavy Metal Ions (Pb, Cr, Cu, Ni, Zn, Co, Hg, and Cd) from 

Waste Batteries or Lithium Cells Using Nanosized Metal Oxides: A Review. J. Nanosci. Nanotechnol. 2020, 20, 7231–7254. 
https://doi.org/10.1166/jnn.2020.18748. 



Molecules 2022, 27, 6578 14 of 16 
 

 

2. Chung, S.-J.; Zheng, S.; Odani, T.; Beverina, L.; Fu, J.; Padilha, L.A.; Biesso, A.; Hales, J.M.; Zhan, X.; Schmidt, K.; et al. Extended 
Squaraine Dyes with Large Two-Photon Absorption Cross-Sections. J. Am. Chem. Soc. 2006, 128, 14444–14445. 
https://doi.org/10.1021/ja065556m. 

3. Petermann, R.; Tian, M.; Tatsuura, S.; Furuki, M. Synthesis of New Squaraine Dyes for Optical Switches. Dye. Pigment. 2003, 57, 
43–54. https://doi.org/10.1016/S0143-7208(03)00003-2. 

4. Gsänger, M.; Kirchner, E.; Stolte, M.; Burschka, C.; Stepanenko, V.; Pflaum, J.; Würthner, F. High-Performance Organic Thin-
Film Transistors of J-Stacked Squaraine Dyes. J. Am. Chem. Soc. 2014, 136, 2351–2362. https://doi.org/10.1021/ja409496r. 

5. Smits, E.C.P.; Setayesh, S.; Anthopoulos, T.D.; Buechel, M.; Nijssen, W.; Coehoorn, R.; Blom, P.W.M.; de Boer, B.; de Leeuw, 
D.M. Near-Infrared Light-Emitting Ambipolar Organic Field-Effect Transistors. Adv. Mater. 2007, 19, 734–738. 
https://doi.org/10.1002/adma.200600999. 

6. Zhang, Y.; Liu, X.; Lin, H.; Wang, D.; Cao, E.; Liu, S.; Nie, Z.; Jia, B. Ultrafast Multi-Target Control of Tightly Focused Light 
Fields. Opto-Electronic Adv. 2022, 5, 210026–210026. https://doi.org/10.29026/oea.2022.210026. 

7. Zavaleta, A.; Lykhin, A.O.; Monteiro, J.H.S.K.; Uchida, S.; Bell, T.W.; de Bettencourt-Dias, A.; Varganov, S.A.; Gallucci, J. Full 
Visible Spectrum and White Light Emission with a Single, Input-Tunable Organic Fluorophore. J. Am. Chem. Soc. 2020, 142, 
20306–20312. https://doi.org/10.1021/jacs.0c08182. 

8. Sreejith, S.; Carol, P.; Chithra, P.; Ajayaghosh, A. Squaraine Dyes: A Mine of Molecular Materials. J. Mater. Chem. 2008, 18, 264–
274. https://doi.org/10.1039/B707734C. 

9. Ilina, K.; MacCuaig, W.M.; Laramie, M.; Jeouty, J.N.; McNally, L.R.; Henary, M. Squaraine Dyes: Molecular Design for Different 
Applications and Remaining Challenges. Bioconjug. Chem. 2020, 31, 194–213. https://doi.org/10.1021/acs.bioconjchem.9b00482. 

10. Treibs, A.; Jacob, K. Cyclotrimethine Dyes Derived from Squaric Acid. Angew. Chem. Int. Ed. Engl. 1965, 4, 694–694. 
https://doi.org/10.1002/anie.196506941. 

11. Sprenger, H.-E.; Ziegenbein, W. Cyclobutenediylium Dyes. Angew. Chem. Int. Ed. Engl. 1968, 7, 530–535. 
https://doi.org/10.1002/anie.196805301. 

12. Sprenger, H.-E.; Ziegenbein, W. The Cyclobutenediylium Cation, a Novel Chromophore from Squaric Acid. Angew. Chem. Int. 
Ed. Engl. 1967, 6, 553–554. https://doi.org/10.1002/anie.196705531. 

13. Maahs, G.; Hegenberg, P. Syntheses and Derivatives of Squaric Acid. Angew. Chem. Int. Ed. Engl. 1966, 5, 888–893. 
https://doi.org/10.1002/anie.196608881. 

14. Laramie, M.D.; Levitz, A.; Henary, M. Cyanine and Squaric Acid Metal Sensors. Sens. Actuators B Chem. 2017, 243, 1191–1204. 
https://doi.org/10.1016/j.snb.2016.12.051. 

15. Stamentović, V.; Collado, D.; Perez-Inestrosa, E. Photophysical Properties and Bioimaging Application of an Aminonaph-
thalimide-Squaraine Non-Conjugated System. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 267, 120546. 
https://doi.org/10.1016/j.saa.2021.120546. 

16. Beverina, L.; Salice, P. Squaraine Compounds: Tailored Design and Synthesis towards a Variety of Material Science Applica-
tions. Eur. J. Org. Chem. 2010, 2010, 1207–1225. https://doi.org/10.1002/ejoc.200901297. 

17. Geiger, T.; Kuster, S.; Yum, J.-H.; Moon, S.-J.; Nazeeruddin, M.K.; Grätzel, M.; Nüesch, F. Molecular Design of Unsymmetrical 
Squaraine Dyes for High Efficiency Conversion of Low Energy Photons into Electrons Using TiO2 Nanocrystalline Films. Adv. 
Funct. Mater. 2009, 19, 2720–2727. https://doi.org/10.1002/adfm.200900231. 

18. Yum, J.-H.; Walter, P.; Huber, S.; Rentsch, D.; Geiger, T.; Nüesch, F.; De Angelis, F.; Grätzel, M.; Nazeeruddin, M.K. Efficient 
Far Red Sensitization of Nanocrystalline TiO2 Films by an Unsymmetrical Squaraine Dye. J. Am. Chem. Soc. 2007, 129, 10320–
10321. https://doi.org/10.1021/ja0731470. 

19. Schulz, M.; Zablocki, J.; Abdullaeva, O.S.; Brück, S.; Balzer, F.; Lützen, A.; Arteaga, O.; Schiek, M. Giant Intrinsic Circular Di-
chroism of Prolinol-Derived Squaraine Thin Films. Nat. Commun. 2018, 9, 2413. https://doi.org/10.1038/s41467-018-04811-7. 

20. Maltese, V.; Cospito, S.; Beneduci, A.; De Simone, B.C.; Russo, N.; Chidichimo, G.; Janssen, R.A.J. Electro-Optical Properties of 
Neutral and Radical Ion Thienosquaraines. Chem.—A Eur. J. 2016, 22, 10179–10186. https://doi.org/10.1002/chem.201601281. 

21. Corrente, G.A.; Parisi, F.; Maltese, V.; Cospito, S.; Imbardelli, D.; La Deda, M.; Beneduci, A. Panchromatic Fluorescence Emission 
from Thienosquaraines Dyes: White Light Electrofluorochromic Devices. Molecules 2021, 26, 6818. https://doi.org/10.3390/mol-
ecules26226818. 

22. Guo, Y.; Chen, Y.; Zhu, X.; Pan, Z.; Zhang, X.; Wang, J.; Fu, N. Self-Assembled Nanosensor Based on Squaraine Dye for Specific 
Recognition and Detection of Human Serum Albumin. Sens. Actuators B Chem. 2018, 255, 977–985. 
https://doi.org/10.1016/j.snb.2017.08.132. 

23. Wang, G.; Xu, W.; Guo, Y.; Fu, N. Near-Infrared Squaraine Dye as a Selective Protein Sensor Based on Self-Assembly. Sens. 
Actuators B Chem. 2017, 245, 932–937. https://doi.org/10.1016/j.snb.2017.01.172. 

24. McEwen, J.J.; Wallace, K.J. Squaraine Dyes in Molecular Recognition and Self-Assembly. Chem. Commun. 2009, 42, 6339–6351. 
https://doi.org/10.1039/b909572a. 

25. Gassensmith, J.J.; Baumes, J.M.; Smith, B.D. Discovery and Early Development of Squaraine Rotaxanes. Chem. Commun. 2009, 
42, 6329–6338. https://doi.org/10.1039/b911064j. 

26. Ta, D.D.; Dzyuba, S.V. Squaraine-Based Optical Sensors: Designer Toolbox for Exploring Ionic and Molecular Recognitions. 
Chemosensors 2021, 9, 302. https://doi.org/10.3390/chemosensors9110302. 



Molecules 2022, 27, 6578 15 of 16 
 

 

27. Chenthamarakshan, C.R.; Eldo, J.; Ajayaghosh, A. Squaraine Dye Based Molecular Wires Containing Flexible Oxyethylene 
Chains as Sensors. Enhanced Fluorescence Response on Li+ Recognition. Macromolecules 1999, 32, 5846–5851. 
https://doi.org/10.1021/ma9820063. 

28. Eldo, J.; Ajayaghosh, A. New Low Band Gap Polymers:  Control of Optical and Electronic Properties in near Infrared Absorbing 
π-Conjugated Polysquaraines. Chem. Mater. 2002, 14, 410–418. https://doi.org/10.1021/cm0107225. 

29. Ajayaghosh, A.; Eldo, J. A Novel Approach Toward Low Optical Band Gap Polysquaraines. Org. Lett. 2001, 3, 2595–2598. 
https://doi.org/10.1021/ol016284p. 

30. Maeda, T.; Nguyen, T.V.; Kuwano, Y.; Chen, X.; Miyanaga, K.; Nakazumi, H.; Yagi, S.; Soman, S.; Ajayaghosh, A. Intramolecular 
Exciton-Coupled Squaraine Dyes for Dye-Sensitized Solar Cells. J. Phys. Chem. C 2018, 122, 21745–21754. 
https://doi.org/10.1021/acs.jpcc.8b06131. 

31. Nakazumi, H.; Ohta, T.; Etoh, H.; Uno, T.; Colyer, C.L.; Hyodo, Y.; Yagi, S. Near-Infrared Luminescent Bis-Squaraine Dyes 
Linked by a Thiophene or Pyrene Spacer for Noncovalent Protein Labeling. Synth. Met. 2005, 153, 33–36. 
https://doi.org/10.1016/j.synthmet.2005.07.243. 

32. Ajayaghosh, A.; Arunkumar, E.; Daub, J. A Highly Specific Ca2+-Ion Sensor: Signaling by Exciton Interaction in a Rigid-Flexible-
Rigid Bichromophoric “H” Foldamer. Angew. Chem. Int. Ed. 2002, 41, 1766–1769. https://doi.org/10.1002/1521-
3773(20020517)41:10<1766::AID-ANIE1766>3.0.CO;2-4. 

33. Li, K.; Duan, X.; Jiang, Z.; Ding, D.; Chen, Y.; Zhang, G.-Q.; Liu, Z. J-Aggregates of Meso-[2.2]Paracyclophanyl-BODIPY Dye for 
NIR-II Imaging. Nat. Commun. 2021, 12, 2376. https://doi.org/10.1038/s41467-021-22686-z. 

34. Shen, C.; Bialas, D.; Hecht, M.; Stepanenko, V.; Sugiyasu, K.; Würthner, F. Polymorphism in Squaraine Dye Aggregates by Self-
Assembly Pathway Differentiation: Panchromatic Tubular Dye Nanorods versus J-Aggregate Nanosheets. Angew. Chem. Int. 
Ed. 2021, 60, 11949–11958. https://doi.org/10.1002/anie.202102183. 

35. Wan, W.; Zeng, L.; Jin, W.; Chen, X.; Shen, D.; Huang, Y.; Wang, M.; Bai, Y.; Lyu, H.; Dong, X.; et al. A Solvatochromic Fluores-
cent Probe Reveals Polarity Heterogeneity upon Protein Aggregation in Cells. Angew. Chem. Int. Ed. 2021, 60, 25865–25871. 
https://doi.org/10.1002/anie.202107943. 

36. Pires, P.A.R.; El Seoud, O.A.; Machado, V.G.; de Jesus, J.C.; de Melo, C.E.A.; Buske, J.L.O.; Cardozo, A.P. Understanding Solv-
ation: Comparison of Reichardt’s Solvatochromic Probe and Related Molecular “Core” Structures. J. Chem. Eng. Data 2019, 64, 
2213–2220. https://doi.org/10.1021/acs.jced.8b01192. 

37. Machado, V.G.; Stock, R.I.; Reichardt, C. Pyridinium N-Phenolate Betaine Dyes. Chem. Rev. 2014, 114, 10429–10475. 
https://doi.org/10.1021/cr5001157. 

38. Inoue, T.; Pandey, S.S.; Fujikawa, N.; Yamaguchi, Y.; Hayase, S. Synthesis and Characterization of Squaric Acid Based NIR Dyes 
for Their Application towards Dye-Sensitized Solar Cells. J. Photochem. Photobiol. A Chem. 2010, 213, 23–29. 
https://doi.org/10.1016/j.jphotochem.2010.04.015. 

39. Available online: https://Macro.Lsu.Edu/Howto/Solvents/Dielectric%20Constant%20.htm (accessed on 26 December 2020). 
40. Anandhan, K.; Cerón, M.; Perumal, V.; Ceballos, P.; Gordillo-Guerra, P.; Pérez-Gutiérrez, E.; Castillo, A.E.; Thamotharan, S.; 

Percino, M.J. Solvatochromism and PH Effect on the Emission of a Triphenylimidazole-Phenylacrylonitrile Derivative: Experi-
mental and DFT Studies. RSC Adv. 2019, 9, 12085–12096. https://doi.org/10.1039/C9RA01275C. 

41. Lu, Z.-Z.; Zhang, R.; Li, Y.-Z.; Guo, Z.-J.; Zheng, H.-G. Solvatochromic Behavior of a Nanotubular Metal–Organic Framework 
for Sensing Small Molecules. J. Am. Chem. Soc. 2011, 133, 4172–4174. https://doi.org/10.1021/ja109437d. 

42. Pooventhiran, T.; Bhattacharyya, U.; Rao, D.J.; Chandramohan, V.; Karunakar, P.; Irfan, A.; Mary, Y.S.; Thomas, R. Detailed 
Spectra, Electronic Properties, Qualitative Non-Covalent Interaction Analysis, Solvatochromism, Docking and Molecular Dy-
namics Simulations in Different Solvent Atmosphere of Cenobamate. Struct. Chem. 2020, 31, 2475–2485. 
https://doi.org/10.1007/s11224-020-01607-8. 

43. Carlotti, B.; Flamini, R.; Kikaš, I.; Mazzucato, U.; Spalletti, A. Intramolecular Charge Transfer, Solvatochromism and Hyperpo-
larizability of Compounds Bearing Ethenylene or Ethynylene Bridges. Chem. Phys. 2012, 407, 9–19. 
https://doi.org/10.1016/j.chemphys.2012.08.006. 

44. Akpe, V.; Biddle, T.J.; Madu, C.; Kim, T.H.; Brown, C.L.; Cock, I.E.; Abe, M. Cock Using New Solvatochromic Parameters to 
Investigate Dye–Solvent Interactions. Aust. J. Chem. 2022, 75, 206–219. 

45. Cao, Z.; Fan, X.; Yang, Z.; Zhang, X.; Ding, N.; Ding, Y.; Zhang, W. Solvent Directed Discrimination of Metal Ions Using a 
Coumarin-Pyridine Fluorescence Receptor. Sens. Actuators B Chem. 2020, 310, 127855. https://doi.org/10.1016/j.snb.2020.127855. 

46. Cao, Z.; Li, W.; Wan, H.; Zhou, J.; Jia, X.; Ding, Y. Rotating the C–N Bond in a Coumarin–Pyridine-Based Sensor for Pattern 
Recognition of Versatile Metal Ions. Anal. Chem. 2021, 93, 14256–14262. https://doi.org/10.1021/acs.analchem.1c03302. 

47. Kütt, A.; Selberg, S.; Kaljurand, I.; Tshepelevitsh, S.; Heering, A.; Darnell, A.; Kaupmees, K.; Piirsalu, M.; Leito, I. PKa Values in 
Organic Chemistry—Making Maximum Use of the Available Data. Tetrahedron Lett. 2018, 59, 3738–3748. 
https://doi.org/10.1016/j.tetlet.2018.08.054. 

48. Kim, Y.S.; Liang, K.; Law, K.Y.; Whitten, D.G. An Investigation of Photocurrent Generation by Squaraine Aggregates in Mono-
layer-Modified Tin Oxide (SnO2) Electrodes. J. Phys. Chem. 1994, 98, 984–988. https://doi.org/10.1021/j100054a039. 

49. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; 
Scalmani, G.; et al. GAUSSIAN 09, Revision A.02; Gaussian, Inc.: Wallingford, CT, USA, 2009. 



Molecules 2022, 27, 6578 16 of 16 
 

 

50. Xie, X.; Gutiérrez, A.; Trofimov, V.; Szilagyi, I.; Soldati, T.; Bakker, E. Charged Solvatochromic Dyes as Signal Transducers in 
PH Independent Fluorescent and Colorimetric Ion Selective Nanosensors. Anal. Chem. 2015, 87, 9954–9959. 
https://doi.org/10.1021/acs.analchem.5b02566. 

51. Xie, X.; Szilagyi, I.; Zhai, J.; Wang, L.; Bakker, E. Ion-Selective Optical Nanosensors Based on Solvatochromic Dyes of Different 
Lipophilicity: From Bulk Partitioning to Interfacial Accumulation. ACS Sens. 2016, 1, 516–520. https://doi.org/10.1021/acssen-
sors.6b00006. 

52. Liu, S.; Wang, Y.-M.; Han, J. Fluorescent Chemosensors for Copper(II) Ion: Structure, Mechanism and Application. J. Photochem. 
Photobiol. C Photochem. Rev. 2017, 32, 78–103. https://doi.org/10.1016/j.jphotochemrev.2017.06.002. 

53. Gaggelli, E.; Kozlowski, H.; Valensin, D.; Valensin, G. Copper Homeostasis and Neurodegenerative Disorders (Alzheimer’s, 
Prion, and Parkinson’s Diseases and Amyotrophic Lateral Sclerosis). Chem. Rev. 2006, 106, 1995–2044. 
https://doi.org/10.1021/cr040410w. 

54. Bertini, I.; Rosato, A. Menkes Disease. Cell. Mol. Life Sci. 2008, 65, 89–91. https://doi.org/10.1007/s00018-007-7439-6. 
55. Hung, Y.H.; Bush, A.I.; Cherny, R.A. Copper in the Brain and Alzheimer’s Disease. JBIC J. Biol. Inorg. Chem. 2010, 15, 61–76. 

https://doi.org/10.1007/s00775-009-0600-y. 
56. He, Y.; Mei, J.; Zhou, M.; Zhang, Y.; Liang, Q.; Xu, S.; Li, Z. Colorimetric and Fluorescent Probe for Highly Selective and Sensitive 

Recognition of Cu2+ and Fe3+ Based on Asymmetric Squaraine Dye. Inorg. Chem. Commun. 2022, 142, 109592. 
https://doi.org/10.1016/j.inoche.2022.109592. 

57. Ma, X.; Sun, R.; Cheng, J.; Liu, J.; Gou, F.; Xiang, H.; Zhou, X. Fluorescence Aggregation-Caused Quenching versus Aggregation-
Induced Emission: A Visual Teaching Technology for Undergraduate Chemistry Students. J. Chem. Educ. 2016, 93, 345–350. 
https://doi.org/10.1021/acs.jchemed.5b00483. 

58. Huang, Y.; Xing, J.; Gong, Q.; Chen, L.-C.; Liu, G.; Yao, C.; Wang, Z.; Zhang, H.-L.; Chen, Z.; Zhang, Q. Reducing Aggregation 
Caused Quenching Effect through Co-Assembly of PAH Chromophores and Molecular Barriers. Nat. Commun. 2019, 10, 169. 
https://doi.org/10.1038/s41467-018-08092-y. 

 
 


	1. Introduction
	2. Results and Discussion
	2.1. Synthesis of the Double-Squaraine (DSQ) Dye (1)
	2.2. Solvatochromism in the DSQ Dye
	2.3. Harnessing the Potentiality of DSQ Dye in Metal Ion Sensing
	2.3.1. Investigation of Metal Ion Sensing in the DMF/Water Solvent System
	2.3.2. Selective Metal Ion Sensing Utilizing DMF/ACN Solvent System


	3. Experimental
	3.1. General Information
	3.2. Synthetic Procedure
	3.3. Preparation of Solutions for the Solvatochromism Investigation
	3.4. Preparation of Stock Solutions of Metal Ions
	3.5. Metal Ion Sensing by Absorption Spectral Measurement
	3.6. Density Functional Theory (DFT) Calculation

	4. Conclusions
	References

