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a unique color change for malonate
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Abstract—Three new chromogenic receptors (1, 2, and 3) containing p-nitrophenyl or p-nitronaphthyl or methyl groups appended
to the thiourea groups were synthesized and characterized. Upon addition of a series of dicarboxylate anions to receptor 1 in
DMSO, only the appearance of the solution of receptor 1 with malonate showed a color change from blue to yellow which can
be detected by the naked eye at parts per million. With the addition of the series of dicarboxylate anions to receptor 2, the solutions
showed an indistinct intense dark-red color. Whereas the addition of the same dicarboxylate anions to receptor 3, the solutions did
not induce any color change. Thus, for the unique color change, the receptor 1 can act as an optical chemosensor for the malonate
anion even in the presence of other dicarboxylate anions.
� 2005 Elsevier Ltd. All rights reserved.
The design and synthesis of sensitive chromogenic recep-
tors for detecting biologically important anions and
monitoring environmentally harmful anion pollutants
have attracted considerable attention in the field of
supramolecular chemistry.1 Particularly, dicarboxylates
play an important role in chemical and biological pro-
cesses. Dicarboxylates are critical components of
numerous metabolic processes including, for instance,
the citric acid and glyoxylate cycles.2 They also play
an important role in the generation of high-energy
phosphate bonds and in the biosynthesis of important
intermediates.3 To date, several receptors containing
different functional groups for selective binding of
dicarboxylate anions have been reported.4,5 However,
to our best knowledge, chromogenic sensors selecting
recognizing dicarboxylate anions are still limited.5 Here-
in, we report the synthesis and binding properties of
three new chromogenic receptors (1, 2, and 3) contain-
ing p-nitrophenyl or p-nitronaphthyl or methyl groups
appended to the thiourea groups. The anionic recogni-
tion of receptors has been investigated by UV–vis
absorption and 1H NMR spectroscopy.

The receptors 1–3 were synthesized by the reaction of
p-nitrophenylisothiocyanate or p-nitronaphthylisothio-
cyanate or methylisothiocyanate with 1,4-di-(2-amino-
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ethylamino)-anthraquinone (4) in high yields (Scheme
1).6,7 All of these compounds were characterized by 1H
NMR, IR, and HRMS.

The colorimetric sensing ability of the receptors 1–3 with
a series of dicarboxylate anions ½�O2CðCH2ÞnCO

�
2 � such

as malonate, succinate, glutarate, adipate (n = 1, 2, 3, 4),
terephthalate and isophthalate in DMSO was monitored
by UV–vis absorption and by �naked eye� observation.
The anions were added as tetrabutylammonium salts
to the DMSO solutions of the receptors 1–3 (5 ·
10�5 M). Figure 1 shows that the UV–vis absorption
spectra of a mixture of receptor 1 with different concen-
trations of malonate in DMSO. When increasing the
concentration of malonate, a new absorption band at
480 nm was gradually enhanced, while the intensity of
absorption at 362 nm was decreased correspondingly.
The color of the solution of receptor 1 was changed
from blue to yellow, which could be easily observed by
the naked-eyes. A clear isobestic point was observed at
393 nm. This result demonstrates that a complex forma-
tion of 1 with malonate anion is taking place via hydro-
gen bonding electrostatic interactions. The formation of
these hydrogen bonds affects the electronic properties of
the chromophore, resulting in a color change with a sub-
sequent new charge-transfer interaction between the
malonate-bound thiourea and electron deficient 4-nitro-
phenyl group.8 Judging from the titrations, the strong
binding of malonate allowed the Job�s plot method9

(as shown in the inset of Fig. 1) to be used in the

mailto:ypyen@pu.edu.tw


1. R = p-NO2-phenyl (Yield : 81%) 

2. R = p-NO2-naphthyl (Yield : 91%) 

3. R = methyl (Yield : 69%) 
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Scheme 1. Reagents and conditions: (i) ethylenediamine, THF, 50 �C, 2 h, 37.2%; (ii) R-isothiocyanate, THF, reflux, 18 h.

Figure 1. A family of spectra taken in the course of the titration of a
5 · 10�5 M DMSO solution in 1 with a standard solution of malonate
at 25 �C titration profiles (insert) indicate the formation of a 1:1
complex.

Figure 2. UV–vis changes of 1 operated in DMSO (5 · 10�5 M) after
the addition of 2 equiv of anion: (a) 1 only, (b) 1 + isophthalate, (c)
1 + terephthalate, (d) 1 + adipate, (e) 1 + glutarate, (f) 1 + succinate,
(g) 1 + malonate.

Figure 3. Effect of anions (as (C4H9)N
+ salt) on color changes of 1 in

DMSO: (a) 1 only, (b) 1 + isophthalate, (c) 1 + terephthalate, (d)
1 + adipate, (e) 1 + glutarate, (f) 1 + succinate, (g) 1 + malonate.
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determination of the binding stoichiometry, which was
found to be a 1:1 host-to-anion complexation.

Parallel investigations were carried out with a series of
other dicarboxylate anions (succinate, glutarate, adi-
pate, terephthalate, and isophthalate). A similar phe-
nomena of UV–vis absorptions are observed in Figure
2. Spectrum (a) was measured in the absence of anions
where 1 has a UV–vis spectrum with kmax at 396, 596,
and 643 nm. As shown in spectrum (b)–(d), 1 exhibits
negligible perturbations upon addition of 2 equiv of iso-
phthalate, terephthalate, and adipate anions, respec-
tively. By contrast, significant changes are observed in
the presence of glutarate as well as other anions such
as succinate and malonate anions. As shown in spectra
(e)–(g), the CT absorption bands appear at 480 nm
and the solution color changes from blue to yellow color
(Fig. 3). Interestingly, the colors of (e) and (f) stay con-
sistently even at higher concentrations of glutarate or
succinate. It is apparent that 1 has a unique color change
and higher selectivity for malonate anion than other
anions. The selectivity of 1 for recognition of these
anions can be rationalized on the basis of the chain
length of the anionic species. The original blue color in
the host solution might be ascribed to the chromophore
of 1,4-diaminoanthraquinone moiety. The yellow color
(new absorption peak at 480 nm) could be explained
by the charge-transfer interactions between the elec-
tron-rich donor nitrogen of the thiourea units and the
electron-deficient p-nitrophenyl moieties. The receptor
bound anions, hydrogen bonds were constructed to
form stable complexes, and the electron density in the



Figure 4. A family of spectra taken in the course of the titration of a
5 · 10�5 M DMSO solution in 2 with a standard solution of malonate
at 25 �C titration profiles (insert) indicate the formation of a 1:1
complex.

Figure 5. Effect of anions (as (C4H9)N
+ salt) on color changes of 2 in

DMSO: (a) 2 only, (b) 2 + isophthalate, (c) 2 + terephthalate, (d)
2 + adipate, (e) 2 + glutarate, (f) 2 + succinate, (g) 2 + malonate.

Figure 6. Partial 1H NMR (400 MHz) spectra of sensor 1 (10 mM) in
DMSO-d6 at rt in: (a) sensor 1 only, (b) 1 + 1.0 equiv tetrabutylammo-
nium malonate.
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supramolecular system was much increased to enhance
the charge-transfer interactions between the electron-
rich and electron-deficient moieties, which resulted in a
visible color change.10

The UV–vis absorption spectral interactions of receptor
2 with malonate anion were studied by gradual addition
of different concentrations of malonate anion to a solu-
tion of receptor 2 and results are shown as Figure 4. The
initial absorption peak at 384 nm was gradually
decreased and a new absorption band appeared with a
maximum absorption at 523 nm. The color of the solu-
tion of receptor 2 with malonate was changed from blue
to dark-red. The color change can be attributed to the
appearance of a new long wavelength peak. This result
demonstrates that the receptor 2 formed complex with
malonate. Similarly, a dark-red color can be observed
while adding other dicarboxylate anions into the solu-
tion of 2 in DMSO, but the color changes were not dis-
Table 1. Association constants Ka (M
�1) of receptors 1 and 2 with guest an

Anion Receptor 1 K (M�1)a Rb

Malonatec (1.39 ± 0.03) · 104 0.9
Succinatec (1.00 ± 0.03) · 104 0.9
Glutaratec (6.22 ± 0.29) · 103 0.9
Adipatec (3.38 ± 0.29) · 103 0.9
Terepthalatec (3.21 ± 0.10) · 103 0.9
Isophthalatec (1.60 ± 0.29) · 103 0.9

a The data were calculated from UV–vis titration in DMSO.
b The data values of R were obtained by the results of nonlinear curve fittin
c The anions were used as their tetrabutylammonium salts.
tinct (Fig. 5). Judging from the titrations, the Job�s plot
method (as shown in the inset of Fig. 4) proved the for-
mation of a 1:1 stoichiometry complex of 2 with malon-
ate. The association constants were calculated by the
Benesi–Hildebrand equation9 and listed in Table 1.
The data showed that receptor 1 has higher selectivity
for malonate than other dicarboxylate anions.

In order to gain a clear picture of how p-nitrophenyl or
p-nitronaphthyl unit affects the chromogenic property of
1 or 2, a UV–vis study was conducted on the control
compound 3. In contrast to both 1 and 2, 3 showed
two absorption bands at 596 and 643 nm in DMSO.
Upon gradual increase of the concentration of malon-
ate, the peaks at 596 and 643 nm were gradually de-
creased and no color change was observed. The Job�s
plot of malonate in DMSO showed a 1:1 binding stoi-
chiometry, and the association constant was calculated
as 1.54 · 103 M�1 which is smaller than that for receptor
1 or 2. Based on the above results, the receptor 1 pro-
vides a suitable chromophore and a binding site for mal-
onate anion.

1H NMR spectroscopy is of immense value in the under-
standing of receptor–substrate interaction and is capable
of providing a revealing picture of the details of the
interaction between receptor and dicarboxylate anions.
Addition of 1 equiv of the tetrabutylammonium salts
of malonate to 1 or 2 in DMSO-d6 caused remarkable
downfield shifts of the NH resonances in the 1H
NMR. In the case of 1 with malonate, the proton chem-
ical shifts of thiourea (Ha, Hb) changed from 10.26 to
11.00 (Dd = 0.74 ppm), 8.51 to 8.95 (Dd = 0.44 ppm),
respectively (Fig. 6). These larger downfield shifts indi-
cate the formation of two hydrogen bondings between
Ha, Hb and malonate. These results show that receptor
1 and malonate form a 1:1 stoichiometry complex via
ions

Receptor 2 K (M�1)a Rb

937 (1.42 ± 0.02) · 104 0.9967
924 (1.38 ± 0.03) · 104 0.9904
957 (1.20 ± 0.02) · 104 0.9976
961 (1.02 ± 0.01) · 104 0.9011
967 (1.17 ± 0.03) · 104 0.9919
901 (1.13 ± 0.01) · 104 0.9973

g.
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hydrogen-bonding interaction between the thiourea with
carboxyl groups.

In conclusion, the new colorimetric anion receptors 1, 2,
and 3 were synthesized in high yields and can form 1:1
complex with dicarboxylate anions by multiple hydro-
gen bonding interactions. Among them, only the recep-
tor 1 has higher selectivity for the malonate and there is
a distinct color change that can be observed by the
naked-eyes. Thus, the receptor 1 can act as an optical
chemosensor for the malonate anion even in the pres-
ence of other dicarboxylate anions.
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