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a  b  s  t  r  a  c  t

Squaraine  dyes,  a four-membered  ring  system  with  structural  rigidity,  possess  unique photoelectri-
cal  properties  and  are  marked  by  their  exceptionally  sharp  and  intense  absorption  associated  with  a
strong  fluorescent  emission  in  solution.  These  favorable  characteristics  have  prompted  their  exploita-
tion  in  a number  of state  of  the art  applications  including  photoconductivity,  data storage,  light-emitting
field-effect  transistors,  solar  cells  and  fluorescent  histological  probes.  In  this  review,  we  first  summa-
rize  the  recently  proposed  novel  methods  in  the  synthesis  of these  versatile  derivatives.  Subsequently,
their  extensive  applications  in  the  prevalent  optical  detection  of  the  surrounding  medium  such  as  ions,
pH, thiol-based  compounds,  biomolecules  and  cell  over  the past  decades  are  covered  and  discussed.
In  addition,  different  categories  for the  synthesis  and  sensing  mechanisms  for  various  squaric  acid-
based  chemo-/bio-  sensors  are  illustrated.  Finally,  the  challenges  and  opportunities  in the  synthesis  and
application  of  these  derivatives  are  also  briefly  discussed.

©  2017  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Squaric acid (diketocyclobutenediol), which was firstly reported
in 1959 by Cohen et al. [1], has been extensively investigated
in various optical applications due to its structural rigidity [2,3],
special aromaticity [4–6], as well as high chemical reactiv-
ity [7]. In general, electrophilic squaric acid and its alkoxyl-,
halogenated-, amino-derivatives [8] can easily undergo condensa-
tion process with electron-rich precursors to form various squaric
acid derivatives [9], which possesses favorable photoelectricity that
could be applied to a number of technologically relevant fields
including photoconductivity [10], data storage [11], light-emitting
field-effect transistors [12], solar cells [13–19], nonlinear optical
materials, [20–22] and current PDT [23,24], optical bioimaging
[25–28], NIR-fluorescence probes, and labels [29–32].

Optical detecting techniques are powerful detective and analy-
sis tools for visually monitoring analytes because of their technical
simplicity, high sensitivity, operability for in situ and real-time
detection, and manipuility for potentially quantitative and kinetic
measurement of molecular interaction [33,34]. Generally, a typ-
ical optical chemosensor requires a recognition site linked to a
chromo/fluorophore, which signals the recognition event via col-
orimetric changes and/or fluorescence changes [35–39]. As far as
we know, Squaric acids have been widely studied as scaffold-
ings for novel chemosensors designing [40–42] in recent years
due to: 1) the sharp and intense low energy absorption associ-
ated with a strong fluorescence in solution [43], 2) vast flexibility
of synthetic precursors like amines [44], arenes, pyrroles, and
anhydrobases [45–47] for architectural design, 3) functional modi-
fication of amino acid residue [48], carboxylic acid [49], phosphate
[50] or boric acid [51] for detecting targeted analytes located in
extreme and complicated biological and environmental systems,
and 4) the inherited electron-deficient centre for nucleophilic ana-
lytes sensing [52].

In the early 1968, Sprenger and Ziegenbein [53] had already
reviewed the synthetic methods of some specific squaric acids
including mono-, di-, tri-, and even tetra-substituted derivatives
based on limited reports. Since then, there have been tremendous
exciting and significant findings about the synthesis and photoelec-
trical application of functionalized squaric acids. However, up to
now, the related reviews are all about the physical properties, syn-
thesis and applications of squaric acid derivatives on 1,3-squaraine
dyes [13,18,19,23,40–42,45–47,54]. Hence, it is of vital importance
to systematically review the recent synthesis and applications of
mono-, di- and tri-substituted squaraine dyes.

Fig. 1. Hierarchical synthesis of squaraic acid derivatives.

Fig. 2. Potential energy diagram as a function of the C C O H dihedral
angle derived from ab initio calculations on a preoptimized geometry of ortho-
diethylamino-substituted semisquarates. Nonoptimized, single-point calculations
(red circles) and fully optimized calculations for a given dihedral angle (blue squares)
as  well as selected respective fully optimized structures for 0◦ , 45◦ , 90◦ , 135◦ , and
180◦are shown. Reproduced from Ref. [103] with permission. Copyright 2004 Amer-
ican Chemical Society.

In the present review, we  classify squaric acid derivatives into
mono-, di- (1,2- and 1,3-), and core-regioisomers according to the
numbers and positions replaced by nucleophiles on the core four-
membered ring, and further hierarchically outline their synthetic
approaches in Fig. 1 based on the Hartmann’s sketch [55]. More-
over, we  primarily focus on the recently proposed novel methods
of synthesizing these versatile derivatives and their rising appli-
cations as the prevalent optical chemsensors responding to the
surrounding medium such as ions, pH, thiol-based compounds, and
biomolecules. We  believe this review will be helpful for compre-
hensive understanding and bring in horizons for exploiting this
fascinating mine of molecular materials (Fig. 2).

2. Syntheses of squaric acid derivatives

2.1. Mono-substituted derivatives

Mono-substituted squaric acid derivatives, which can be shortly
referred to as “semisquarates”, serve as the key substrates for fur-
ther condensed synthesis of superior analogues. As such, there is a
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