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To examine the consequences of nature and number of nitrogen atoms on metal ion sensing properties,
four new molecular receptors based on 1-aminoanthracene-9,10-dione as chromogenic moiety and
different types of nitrogen atoms viz. arylamine, alkylamine, and pyridyl nitrogen as appendages have
been synthesized. These receptors in CH3OH/H,0 (1:1) (v/v) at pH 7.0, on addition of heavy metal ions
show selective and/or semi-selective interactions. These binding interactions are visible to naked eye due
to remarkable color change and are associated with Amax shift by 85—125 nm. Molecular receptor 2, with

Iff/{m?;zznthracene-g 10-dione two sp? hybridized nitrogen atoms and one arylamine nitrogen, selectively binds with Cu?* but 2-Cu®*
Chemosensors ' complex is stable only between pH 7.0 and 8.75. However, the conversion of imine nitrogen to alkylamine
Selective in molecular receptor 6, increases the binding ability toward Cu®* along with significant binding affin-
Semi-selective ities toward Ni?* and Co®*. Receptor 6 shows the stability of its complexes in the order Cu>*>Ni?*>Co?*
Chromogenic in a broader pH range 6—12. Dipicolylamine based receptor 8, possessing two pyridyl nitrogen atoms, one

Heavy metal ions tertiaryamine and one arylamine nitrogen atoms as ligating sites, also binds semiselectively in the order
Cu®*>Co?*>Ni?*. Receptor 10, possessing anilide group in the place of arylamine in receptor 8, on ad-
dition of Cu®*, Ni?* or Co?* shows bathochromic shift of Amax associated with color change from yellow
to russet (brown) and on addition of Zn®>* shows hypsochromic shift of its Amax associated with disap-

pearance of yellow color. Additionally, all the four chemosensors show ratiometric response toward all

these metal ions and thus increase the usability and the dynamic range of estimation.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The development of artificial receptors for the sensing and
recognition of environmentally and biologically important ionic
species is currently of great interest. Highly selective cation! or
anion? sensing is imperative for many areas of technology, in-
cluding environmental, biological, clinical, and waste management
applications. One of the Nature’s methods of molecular recognition
that has been underexplored by synthetic chemists is differential
binding. By differential rather than specific or selective, we refer to
receptors that have different binding characteristics. This is the
binding scenario used in the mammalian senses of taste and smell.
Nature does not use highly selective receptors for each analyte in
the senses of taste and smell,> and instead uses an array of differ-
ential receptor units, which come into play on demand.

As an alternative strategy to traditional analyte specific
receptors the contemporary investigations are addressing to the
development of the sensor molecules that operate on a single core
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receptor unit for multi-ion analysis.*~® The paradigm shift from
selective to differential receptors has provided opportunities for
single molecule based simultaneous estimation of more than one
analyte by single detection method. The production of differential
receptors for analytes has bright future for the field of recognition
in the area of molecular sensing. The number of examples of such
sensors have been reported® and tend to use either the insertion of
multi chromogenic units combined in a single receptor>’ or a va-
riety of detection methods® (fluorescence, electrochemical) or
require detailed mathematical tools to process the data.

The drastic color change ensuing in metal induced deprotona-
tion at amine NH has recently found applications in developing
single or multi-ion sensing materials. Qian et al.” in naphthalimide
based sensors have shown NH deprotonation as the key step for
estimation of Cu®>* using both absorbance and fluorescence as
output channels. Our group has investigated a number of metal ion
sensors with chromogenic anthracene-9,10-dione moiety bearing
a variety of appendages at 1-, 1,4-, and 1,8-positions.® These chro-
mogenic chemosensors with amines as appendages bind only with
Cu®* in a highly selective manner®9 or with dipyridyl amino
ethyl®€ or Schiff base®’ as appendages at 1-position of anthracene-
9,10-dione showed semi-selective/differential complexation
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toward Cu®t and Ni** or toward Cu®* and Ni**/Co®*. Recently,
Guilard et al.® has reported anthracene-9,10-dione based macro-
cycles, which showed semi-selectivity for Cu?*, A, and Pb?* by
changing the environment of nitrogen atoms of ligating sites in the
macrocycles.

In our continued search for the semi-selective metal ion sensors,
here we have designed four molecular receptors 2, 6, 8, and 10
possessing arylamine, alkylamine, imine or pyridyl nitrogen atoms
in various combinations and have studied their interactions toward
metal ions in CH30H/H,0 (1:1) at pH 7.0. The receptors 2, 6, 8, and
10 are by and large silent to the presence of alkali and alkaline earth
metal ions. However in the presence of heavy metal ions, they show
remarkable color changes with Cu®*, Ni?* or Co®* in a selective or
in a semi-selective manner. The stability of these complexes is
sensitive to pH under different pH ranges depending on the nature
of the binding sites. The chemosensor 2 (Apax 494 nm) having
arylamine and two C=N- nitrogen atoms (Py and imine N’s)
underwent a drastic color change from red to blue only on addition
of Cu®* (Amax 604 nm)—a selective chromogenic chemosensor for
Cu?*. Chemosensor 6 (Amax 500 nm) with change in hybridisation
of one nitrogen from sp? to sp> exhibited characteristic color
changes on the addition of Co?*, Ni** (Amax 626 nm) and Cu®* (Amax
604 nm). Receptor 8 (Amax 518 nm) with two pyridyl rings, one
alkylamine and one arylamine as ligating sites also showed
remarkable color changes with Co®>"(Amax 636 nm), Ni®" (Amax
666 nm), and Cu®" (Amax 624 nm). Chemosensor 10 having anilide
moiety in place of the arylamine moiety in chemosensor 8 showed
dual mode of complexation toward metal ions. The Anax of che-
mosensor 10 (Amax 400nm) on addition of Co®*, Ni** (Amax
488 nm), and Cu®" (Amax 484 nm) was bathochromically shifted to
give russet color but on addition of Zn?* (Amax 367 nm) it was
hypsochromically shifted’ and the yellow color of 10 disappeared
to give colorless solution.

2. Results and discussion
2.1. Synthesis

The refluxing of 1:1 solution of 1-(2-aminoethylamino)
anthracene-9,10-dione (1)® and pyridine-2-carboxaldehyde in
ethanol gave chemosensor 2 (80%), red solid. The presence of 1H
singlet at ¢ 8.48 due to imine=CH along with other signals in the
aromatic region due to anthracene-9,10-dione and pyridine moie-
ties confirms the formation of Schiff base. Its 3C NMR and mass
spectral data and elemental analysis further confirm the structure 2
for this compound (Scheme 1).
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Scheme 1.

Chemosensors 6 and 8 have been synthesized by mesylation of
1-(2-hydroxyethylamino)-anthracene-9,10-dione 3 with meth-
anesulfonyl chloride followed by nucleophilic substitution with
2-picolylamine (5) and di-(2-picolyl)amine (7) (Scheme 2).

The reaction of 3 with methanesulphonyl chloride in DCM in the
presence of triethylamine provided 4 (80%), red solid. In its "H NMR
spectrum the presence of a 3H singlet at 6 3.09 due to meth-
anesulfonyl moiety and down field shift of OCH; triplet to ¢ 4.49 in
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comparison to the one appeared in 3 at ¢ 3.76 confirm that alcohol
moiety has been converted to its methanesulfonyl ester. The pres-
ence of other signals in its "H NMR spectrum and its '>C spectral
data further confirm the structure 4 for this compound.

The nucleophilic substitution of 4 with 2-picolylamine (5) in
K,CO3/CH3CN provided 6 (65%), dark red solid. Its '"H NMR spec-
trum shows two 2H triplets at ¢ 3.06 (CH,) and at ¢ 3.50 (CH3) and
a 2H singlet at 6 4.03 (CH,), respectively, due to ethylene and
NCH,Py groups along with signals in the aromatic region at ¢ 7.08
(dd, 1H), 715-719 (1H, m), 741 (1Hd), 7.50—7.61 (2H, m),
7.66—7.79 (3H, m), 8.25 (1H, d), 8.29 (1H, d), 8.54—8.56 (1H, m).
These spectral data along with '>C NMR spectral data and elemental
analysis corroborate the structure 6 for this compound (Scheme 2).

Compound 4 on nucleophilic substitution with di-(2-picolyl)
amine (7) in K,CO3/CH3CN provided 8 (60%), red solid. In its 'H
NMR spectrum the presence of a 4H singlet at § 4.06 along with 2H
triplet at 6 2.96 and a 2H quartet at ¢ 3.45 in the aliphatic region
along with signals in the aromatic region due to both anthracene-
9,10-dione and pyridine moieties confirm the formation of com-
pound 8.

Compound 9'° on nucleophilic substitution with di-(2-picolyl)
amine (7) in K»CO3/CH3CN solution gave chemosensor 10 (75%),
yellow solid. In its "H NMR spectrum the presence of two singlets at
0 3.54 (2H) and at 6 4.06 (4H) along with presence of signals in the
aromatic region due to anthracene-9,10-dione and pyridine moie-
ties confirm the formation of the compound (Scheme 2).

2.2. Effect of metal ions on absorption properties of
chemosensors 2, 6, 8, and 10

The interactions of chemosensors 2, 6, 8, and 10 with metal ions
have been investigated by evaluating the changes in their absorp-
tion properties by the addition of different metal ions. These che-
mosensors are freely soluble in methanol/water (1:1), so all
investigations have been performed in CH3OH/H,0 (1:1) at pH 7.0
(10 mM HEPES).
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The visible region absorption band of chemosensor 2 (50 uM)
appeared at Amax 494 nm (red), which on addition of Cu?* (50 pM)
underwent an immediate visible color change from red to blue. This
color change is associated with the decrease in absorbance at
494 nm and concomitant appearance of new absorption band at
604 nm. Significantly, 2 did not undergo any color change or change
in absorbance on addition of other metal ions like Na*, K*, Mg?™,
Ca®t, Ba%*, cr?t, Co®*, Ni?t, zZn®*, cd**, Hg®*, Ag*, and Pb*".
Therefore, chemosensor 2 showed selective estimation of Cu®*
(Figs. 1a and 2a).

(a)

8+C0™ B+NiP* B+CU*

10+Co® 10+Ni?4 0+Cu? 0:

Figure 1. Color changes in chemosensors 2, 6, 8, and 10 (50 uM; CH30H/H,0 1:1) on
addition of different metal ions.

Chemosensor 6, where the imine moiety present in chemo-
sensor 2 has been reduced to amine with a change in hybridisation
of nitrogen from sp® to sp>, exhibited Amax at 500 nm, which
underwent a color change from red to blue in case of Cu®*
(604 nm), lilac in case of Co** and Ni?* (626 nm). The other metal
ions like Na*, K*, Mg?+, Ca®*, Ba®t, Cd?*, Zn?*, Hg?*, Ag™ etc. cause
negligible responses to the absorption spectrum of 6. Therefore the
conversion of sp® N in the chemosensor 2 to sp> N in chemosensor 6
increases the binding ability of resulting chemosensor toward
metal ions (Figs. 1b and 2b).

Chemosensor 8 (Amax 518 nm) with an additional pyridine ring
as binding unit as compared with chemosensor 6 on addition of
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Figure 2. Changes in the UV—vis spectra (50 uM; pH 7.0+0.1; CH30H/H,0 1:1) on
addition of metal ions (a) 2 (b) 6 (c) 8, and (d) 10.

Cu®* (624 nm) and Co®*" (636 nm) gave dark blue color and on
addition of Ni** gave purple color (666 nm). The addition of other
metal ions to the solution of 8 did not affect its color or absorption
spectrum (Figs. 1c and 2c).
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The presence of an electron-withdrawing carbonyl group on N-
1 nitrogen of 10, decreases the ICT from nitrogen lone pair to the
anthracene-9,10-dione ring and thus caused 118 nm hypsochromic
shift to Apax 400 nm in comparison to 8 (Amax 518 nm). The solu-
tion of chemosensor 10 appeared yellow, which on addition of
Cu?* (484 nm), Co®t and Ni** (488 nm) showed bathochromic
shift (~84 nm) associated with color change to russet (Figs. 1d and
2d).

However, addition of Zn®>* to 10 caused hypsochromic shift to
367 nm with concomitant color change from yellow to nearly col-
orless (Fig. 1d). So, amongst chemosensors studied here, only 10
shows complexation toward Zn?*,

The chemosensors 2, 6, and 8 have RNCH,CH,;NH unit at N-1 of
anthracene-9,10-dione moiety with different nitrogen containing
groups appended on chain. Although these appended nitrogen
containing moieties are not directly attached to anthracene-9,10-
dione moiety but considerably affect their Ama.x values. These
variations in Apax values could be assigned to through space
interactions of lone pair of electrons of appended nitrogen atoms
with m-cloud of 1-aminoanthracene-9,10-dione moiety. The con-
version of sp? hybridised nitrogen in 2 to sp> hybridised nitrogen in
6 makes the lone pair of electrons more easily available for in-
teraction with m-cloud and thus causes 6 nm bathochromic shift of
Amax to 500 nm. In the case of chemosensor 8, the presence of ad-
ditional pyridine nitrogen increases the contribution of through
space interactions and thus leads to further bathochromic shift of
Amax at 500 nm to 518 nm.

2.3. Effect of pH on absorption spectra of 2, 6, 8, and 10 and
their complexes with metal ions

In order to evaluate the effect of pH on protonation behavior of
chemosensors 2, 6, 8, and 10, the solutions of these chemosensors
(50 uM) in CH30H/H,0 (1:1) were titrated with NaOH and HCl
solutions separately and the effect was measured by recording
UV—vis spectra at different pH values. The spectral data thus
obtained were analysed using an iterative method on multi-
wavelength data using the programme specfit/32.

Chemosensor 2 showed changes in its absorption and Amax
values on changing pH from 2 to 12 (Fig. 3). The absorption maxima
of 2 appeared at 494 nm at pH<7 and shifted to 514 nm at pH>9.
The analysis of the pH induced changes in the spectrum of 2 using
iterative spectral fitting shows that at pH>9, 2 exists in monop-
rotonated and neutral forms but at pH<7, it exists in di- and tri-
protonated forms (for log B values see Table 1).

0.4+

0.1+

300 400 500 600
wavelength (nm)

Figure 3. Changes in the UV—vis spectra of chemosensors 2, 8, and 10 (50 pM; CH30H/
H>0 1:1) on pH variation.

Table 1

Protonation constants of chemosensors 2, 6, 8, 10 in CH;0H/H,0 (1:1)
Chemosensor log By log By 2 log Brus
2 11.1+0.1 19.8+0.1 23.9+0.1
6 9.59+0.1 16.62+0.1 20.57+0.1
8 8.39+0.1 13.79+0.1 17.64+0.2
10 8.18+0.09 13.00-£0.09 15.96+0.13

Similarly, chemosensors 6 and 8 on moving from acidic to basic
medium showed respective 10 and 8 nm bathochromic shifts. The
analysis of pH induced changes in the spectrum of 8 shows that at
pH>7, chemosensor 8 exists mainly in monoprotonated form. At
pH 4.5, the nitrogen atoms of both the pyridine moieties are pro-
tonated simultaneously to form triprotonated species.

In case of chemosensor 10, the analysis of spectral data obtained
from pH dependent absorption changes show that mono and
diprotonation at tertiaryamine and pyridine nitrogen atoms does
not affect the absorption spectrum of free 10 between pH 4 and 9,
which could be assigned to the presence of carbonyl electron-
withdrawing group at 1-anthrylamine nitrogen. However, further
protonation at amide or anthraquinone oxygen atoms at pH<4
causes 4 nm hypsochromic shift.

In order to have insight into effect of pH on the formation of
various stoichiometric complexes, the 1:1 mixtures of chemo-
sensors 2, 6, 8, and 10 with different metal ions in CH30H/H,0 (1:1)
were titrated with NaOH and HCI solutions separately. The decision
of taking 1:1 stoichiometric solutions was based on the formation
of 1:1 complexes during titration of various receptors against metal
ion concentration at pH 7 (discussed in Section 2.4). The spectral
data thus obtained was analysed using an iterative method on
multi-wavelength data using the programme specfit/32.

The evaluation of spectral data obtained by combination of pH
and UV-vis titration of solution of 2-Cu?* (1:1) (Figs. 4a and 4b)
shows that at pH<5, the UV-vis spectrum corresponds to pro-
tonated 2 and points to no complexation of 2 with Cu®*. On
increasing the pH above 5, the gradual increase in absorbance at
604 nm associated with decrease in absorbance at 494 nm occurs.
These observations point to the formation of MLH_1 stoichiometric
complex, which achieves completion at pH 7 and remains stable
upto pH 8.75. On increasing pH above 8.75, the decomplexation of
the 2-Cu®** complex occurs due to formation of Cu(OH), and free
chemosensor 2. The formation of free 2 is further ascertained by the
increase in absorbance at 494 nm and decrease in absorbance at
604 nm. The negative log B value for MLH_1(OH™) also points to the
instability of MLH_; complex under strong basic conditions.

Figure 4. Plot of absorbance of chemosensor-Cu?* (1:1) complex (50 uM; CH30H/H,0
1:1) vs pH. For 2-Cu?* complex (a) at 494 nm, (b) at 604 nm and for 6-Cu?* complex
(c)at 500 nm, (d) at 604 nm. The points refer to experimental values and line to curve fit.
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In case of chemosensor 6, the titration of 1:1 solution of Cu?*
and 6 showed the appearance of new absorption band at 604 nm at
pH 3, which was associated with decrease in absorbance at 500 nm
(Figs. 4c and 4d). These observations point to the complexation of 6
with Cu?* at significantly lower pH. This complexation process was
completed at pH 4.0 and remained stable till pH 6.5. On increasing
the pH>6.5, the absorbance at 604 nm further increased till it
achieved a plateau at pH 8.5 and then remained stable even under
strong basic conditions at pH 12. Obviously, at pH<2.5, the che-
mosensor 6 remains partly protonated and probably one of the
amine nitrogen in appendage along with nitrogen at 1-amino-
anthraquinone moiety participates in complex formation. As the
pH was further increased, the deprotonation of the other nitrogen
increased the complexation and thus the absorbance at 604 nm.
Due to increased number of binding sites, the complex remained
quite stable even under strong basic conditions (for different spe-
cies formation and log f values see Table 2).

Table 2
log B values obtained by pH titration of 1:1 complexes of chemosensors 2, 6, 8, 10
(CH30H/H,0; 1:1) with various metal ions

L-M?*+ ML MLH MLH_, MLH_; OH™
2-Cu®t = = 5.65+0.06 —4.24+0.08
6-Co?* 23.73+0.1 = 20.09:£0.09 10.93+0.08
6-Ni2* — = 3.25+0.05 =

6-Cu?* = = 13.25+0.03 5.91+0.10
8-Co?* 18.87+0.08 11.554+0.05
8-Cu®t = 29.36+0.16 17.96+0.16 10.04+0.14
10-Co** 26.83+0.08 30.16+0.11 20.75+0.05 11.59+0.04
10-Ni%*+ 23.76+0.14 = 18.24+0.06 11.34+0.04
10-Cu®* 26.04+0.1 = 21.08+0.1 11.52+0.1
10-Zn** 13.64+0.38 16.51+0.39 7.34+0.38 —2.58+0.38

During titration of 1:1 solution of 6-Co®* complex, the presence
of new absorption bands at 626 nm and 691 nm even at pH 2.5 and
decrease in absorbance of chemosensor 6 at 500 nm to 0.32 from
0.45 shows that 6 remains complexed with Co?* even at such a low
pH. The absorbance of 6-Co®* complex at 626 nm remains stable
between pH 4—9 (Figs. 5a and 5b).
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Figure 5. Effect of pH on the absorbance of 6-Co®* (1:1) and 6-Ni>* complexes
(50 pM; CH30H/H,0 1:1); For 6-Co?* complex (a) at 500 nm, (b) at 626 nm and for
6-Ni** complex (c) at 500 nm, (d) at 626 nm. The points refer to experimental values
and line to curve fit.

The evaluation of spectral data obtained by titration of 1:1
solution of 6-Ni>* shows that 6 starts forming the complex with
Ni?* only at pH 5.5 and completes the formation of complex at pH
7.0 (Fig. 5c and d). This complex with MLH_; stoichiometry as de-
termined from multi-wavelength spectral data processing remains
stable even under strong basic conditions (up to pH 12).

Therefore, the change in nature of nitrogen atom from sp?
hybridized in chemosensor 2 to sp> hybridized in chemosensor 6
increases the ease in formation and stability of the 6-Cu®>" complex
toward hydrolysis under both acidic and basic conditions. 2-Cu®*
complex is stable in pH range 6.5 to 8.5 only whereas 6-Cu®",
6-Ni*t, and 6-Co®" complexes are stable under broader pH range.
The complex formation in both these cases is associated with
increased intramolecular charge transfer from N-1 amine to an-
thracene-9,10-dione moiety.

The evaluation of spectral data obtained by titration of 1:1
solution of 8-Co®** complex with NaOH and HCl (Fig. 6) shows the
strong complexation of 8 with Co?>" even under strong acidic
conditions. At pH 2.0, the absorption spectrum of 8-Co?* complex
gives a well structured absorption spectrum with three absorption
bands at 575, 623, and 680 nm, which on increasing pH above 7.0
appears with bathochromic shift to 600 nm, 654 nm, and 711 nm.
The evaluation of spectral data using multi-wavelength data
processing shows the formation of MLH_; and MLH_{(OH™)
complexes.

038
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Figure 6. Changes in the UV—vis spectrum of 8-Co?>* complex on changing pH from 2
to 12 (50 pM; CH30H/H,0 1:1).

The pH titration of 1:1 stoichiometric solution of 8 and Cu?* at
pH>8 shows stable absorption band at Apax 624 nm, which on
lowering the pH gradually decreases with the appearance of new
absorption band at 467 nm and achieved plateau at pH<4.5. This
Amax at 467 nm is associated with the disappearance of absorption
band at 624 nm. During this variation in pH from 12 to 2 there is
minimal change in absorbance at Apa.x 518 nm, i.e., at absorption
maxima of chemosensor 8 (Fig. 7). Therefore, 8 undergoes change
in mode of complexation while moving from basic to acidic

624 nm
0.4 4 l
0.3 A
<0.2 - 7N\ 7

¥ 4 ‘-4‘

W / %
0.1 9% /T

) ",:""‘ 518 nm
0 T R

350 450 550 650 750 850
wavelength (nm)

Figure 7. Changes in the UV—vis spectrum of 8-Cu?* complex on changing pH from 2
to 12 (50 pM; CH30H/H,0 1:1).
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medium. At pH 7.00 and above, the complexation of 8 with Cu®*
causes deprotonation at anthrylamine N-1 to increase the internal
charge transfer from amine N to anthraquinone moiety and thus
shows a red shifted absorption band at 624 nm. At pH<4.5, the
coordination of anthrylamine N-1 of chemosensor 8 with Cu®*
leads to reverse internal charge transfer from anthryl group to Cu®*
and thus shows a blue shifted absorption band at 467 nm.
Similarly, 1:1 stoichiometric solution of 8 and Ni** on pH
titration, at pH>8 shows absorption band at Aax 666 nm, which on
lowering the pH gradually decreases with the appearance of new
absorption band at 503 nm, which achieved plateau at pH<5.8. This
Amax at 503 nm is associated with the disappearance of absorption
band 666 nm. During this variation in pH from 12 to 2 an isobestic
point appears at 545. Therefore, two species with Apax 666 nm and
503 nm remain in equilibrium with each other between pH 8 and 6.
Thus, 8 undergoes change in mode of complexation while moving
from basic to acidic medium. At pH 7.00 and above, the complex-
ation of 8 with Ni%* causes deprotonation at anthrylamine N-1 to
increase the internal charge transfer and thus shows a bath-
ochromic shifted absorption band at 666 nm. At pH<5.8, the
coordination of anthrylamine N-1 with Ni** leads to reverse in-
ternal charge transfer from anthryl group to Ni** and thus shows an
absorption band with a hypsochromic shift to 503 nm (Fig. 8).

350 450 550 650 750 850
wavelength (nm)

Figure 8. Changes in the UV—vis spectrum of 8-Ni?*

to 12 (50 uM; CH30H/H,0 1:1).

complex on changing pH from 2

The evaluation of spectral data obtained by titration of 1:1
solution of 10-Cu?* with NaOH and HCI (Fig. 9) shows the strong
complexation of 10 with Cu®>* under both acidic and basic condi-
tions. Between pH 6.0 and 8.5, mainly the complex of stoichiometry
MLH_; exists, which gives bathochromic shifted absorption band
with Amax 484 nm. At pH<4, Cu?* forms only a complex with
hypsochromic shifted absorption band at 383 nm and

0.2 4

0.14

0 = —
320 420 520 620
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Figure 9. Changes in the UV—Vis spectrum of 10-Cu®* complex on changing pH from 2
to 12 (50 uM; CH30H/H20 1:1).

stoichiometry ML. However, at pH>8.5 due to increased hydroxyl
ions concentration, the MLH_; complex is relatively less stable and
undergoes hydrolysis to give free 10 and Cu(OH),.

The titration of 1:1 stoichiometric solution of 10 and Ni** with
NaOH and HCl shows that at pH>5, a new absorption band at
488 nm appeared. The intensity of this band increased gradually
with increase in pH to 7.0 and then a plateau was achieved. On
lowering the pH from 7, a new absorption band at 383 nm appeared
(Fig. 10), which achieved plateau at pH 4.5. The spectral fitting of
these data obtained by pH—UV—vis. combination titration of
10-Ni%* (1:1) complex shows that 10 forms ML complex at pH<4
and deprotonation at aromatic NH starts at pH>4, resulting in the
formation of MLH_1, which is completed at pH 6. On further in-
creasing pH from 6 formation of MLH_;(OH™) starts, which is
completed at pH 8.0 and remains stable even up to pH 12.

520
wavelength (nm)

T
420

Figure 10. Changes in the UV—Vis spectrum of 10-Ni** complex on changing pH from
2 to 12 (50 uM; CH30H/H20 1:1).

The titration of 1:1 stoichiometric solution of 10 and Zn?* with
NaOH and HCl shows that at pH 10, the absorption maxima appears
at 394 nm, which on gradual decrease in pH underwent gradual
hypsochromic shift to 367 nm (Fig. 11). The analysis of these
spectral data using an iterative method on multi-wavelength data
shows that depending on pH of the solution various stoichiometric
complexes MLH, ML, MLH_;, and MLH_1(OH™) remain in equilib-
rium but all the complexes show hypsochromic shift with respect
to free chemosensor 10 irrespective of the pH of the solution.

320 420 520 620
wavelength (nm)

Figure 11. Changes in the UV—Vis spectrum of 10-Zn** complex on changing pH from
2 to 12 (50 uM; CH30H/H,0 1:1).

The analysis of spectral data obtained by pH titration of 10-Co®*
complex with NaOH and HCI using an iterative method on multi-
wavelength data shows that depending on pH of the solution var-
ious stoichiometric complexes MLH, ML, MLH_1, and MLH_1(OH™)
remain in equilibrium (Fig. 12).
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Figure 12. Changes in the UV—vis spectrum of 10-Co®* complex on changing pH from
2 to 12 (50 uM; CH30H/H,0 1:1). Inset shows the species distribution over pH range
2-12.

Therefore, the presence of additional pyridine unit in chemo-
sensor 8 increases the complexation toward other transition metal
ions to Co®*, Ni?*, and Cu?* and also provides pH dependent dual
mode of complexation toward Ni** and Cu®*. Both Cu?* and Ni**
bind chemosensor 8 at pH>6 through ICT from nitrogen to an-
thracene-9,10-dione ring but at pH<4, it shifts ICT from N-1 to
metal ion which is associated with hypsochromic shift of absorp-
tion band.

The presence of an amide unit in chemosensor 10 further
increases the opportunities toward alternate mode of complexa-
tion. Both Co®" and Zn?* irrespective of pH cause hypsochromic
shift of free ligand absorption band. However, in case of complex-
ation of 10 with Cu?* and Ni**, the mode of complexation switches
from ICT from nitrogen to ring at pH>6 to the ICT from nitrogen to
metal ion at pH<4.

2.4. Quantitative estimation of metal ions at pH 7

In order to find out the usability of these chemosensors for
quantitative estimation of metal ions, the titrations of chemo-
sensors 2, 6, 8, and 10 against metal ions, which gave color/spectral
changes as discussed in Section 2.2 were studied.

The titration of 2 (50 uM) with Ccu?t at pH 7.0+0.1 (10 mM
HEPES in CH30H/H,0 1:1) resulted in the emergence of a new peak
at 604 nm. The intensity of absorbance at 604 nm increased grad-
ually with simultaneous decrease in intensity at 494 nm. The
presence of two clear isosbestic points at 530 nm and 396 nm
confirms the equilibration between 2 and 2-Cu?* complex at pH 7.
The spectral fitting of the titration data shows the formation of 1:1
complex with log f=4.60s+0.04.

On addition of Cu®* to the solution of chemosensor 6 at pH 7, the
appearance of a new peak at Apax 604 nm was observed with two
isosbestic points at 538 nm and 398 nm. The color of the solution
changed from red to blue. The spectral fitting of the data shows the
formation of ML (log p=7.674+0.46) and ML, (log f=13.2740.6)
stoichiometric complexes. The increased stability of 6-Cu®* com-
plex by order of 1000 times in comparison to 2-Cu®* complex is in
consonance with increased coordination of alkylamine nitrogen
over imine nitrogen and the stability of 6-Cu®* complex over
broader pH range as observed in its pH titration.

The titration of solution of chemosensor 6 with Co?* or Ni** in
separate experiments gave new absorption bands with Apax
626 nm and two isosbestic points at 430 nm and 559 nm. In each
case ML, and ML stoichiometric species are formed. The log f
values have been given in Table 3.

The titration of chemosensor 8 against Co’>" showed the ap-
pearance of a new peak at 636 nm with two clear isosbestic points

Table 3
Stability constants of chemosensors 2, 6, 8, and 10 (50 uM, CH3;0H/H,0 1:1) with
metal ions at pH 740.1

Chemosensor Metal ion Stability constant
2 Cu?+ ML (log p=4.60--0.04)
6 Co?* ML (log B=6.68-+0.29)
ML, (log B=12.76+0.37)
ML; (log B=18.10-£0.39)
Ni%* ML (log p=7.92-+0.45)
ML, (log B=13.13+0.59)
cu*t ML (log B=7.67-+0.46)
ML, (log B=13.27+0.60)
8 Co?t ML (log B=7.74+0.63)
Ni%* ML (log B=7.52-+0.5)
ML,(log f=12.63+0.8)
Cu?* ML (log B=7.27+0.37)
10 Co?+ ML (log p=7.65+0.25)
M,L (log B=13.150.38)
Ni%* ML (log f=5.92+0.08)
Cu?* ML (log B=6.1140.19)
Zn*t ML (log f=7.84+0.67)

at 435 nm and 564 nm (Fig. 13). The intensity of absorption at Apmax
636 nm increased gradually with increase in concn of Co®*. The
spectral fitting of the data shows the formation of ML
(log p=7.744-0.63) stoichiometric complex.

04
03 636 nm
<02

01 518 nm

0 02 04 06 08 1
[Co?] 10M

600 700 800 900 1000 1100
wavelength (nm)

500

Figure 13. Effect of addition of Co** on UV—vis spectrum of 8 (50 uM; pH 7.0+0.1;
CH30H/H,0 1:1). Inset shows plot of absorbance at 518 nm and 636 nm on titration of
8 with Co?*. The points refer to experimental values and line to curve fit.

Similarly, during the titration of 8 with Ni>* the absorption band
at 518 nm was attenuated while a new peak appeared at 666 nm
(Fig.14). Two clear isosbestic points at 442 nm and 594 nm indicate
the formation of a well defined 8-Ni** complex. The iterative
spectral fitting of the data shows the formation of ML,
(log B=12.6+0.8) and ML (log p=7.524+0.5) species.
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Figure 14. Effect of addition of Ni** on UV—vis spectrum of 8 (50 uM; pH 7.0+0.1;
CH30H/H,0 1:1). Inset shows plot of absorbance at 518 nm and 666 nm on titration of
8 with Ni**. The points refer to experimental values and line to curve fit.
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During titration of chemosensor 8 with Cu®, the emergence of
a new peak at Apax 624 nm was observed. The concomitant de-
creases in absorbance at 518 nm on addition of Cu?* with two
isosbestic points at 430 nm and 560 nm was observed (Fig. 15). The
iterative spectral fitting of the data shows that only ML
(log B=7.27+0.37) species is formed.

0.6
04
624 nm
0.5 03
02 518 nm
<
0.4 01

0

< 03 1 0 02 04 06 08 1
[Cu?] 10*M
0.2
0.1
0+ T

300 400 500 600 700 800
wavelength (nm)

Figure 15. Effect of addition of Cu*" on UV—vis spectrum of 8 (50 uM; pH 7.0+0.1;
CH30H/H,0 1:1). Inset shows plot of absorbance at 518 nm and 624 nm on titration of
8 with Cu*. The points refer to experimental values and line to curve fit.

The UV—vis titration of chemosensor 10 with Co®* shows the
formation of a new absorption band at 488 nm (Fig. 16) and the
spectral fitting of the data converges the to the formation of ML
(log B=7.65+0.3) and ML (log p=13.15+0.4) species. Similarly the
titration of chemosensor 10 with Ni?* shows the formation of new
absorption band at 488 nm with two isosbestic points at 370 nm
and 436 nm (Fig. 17). The spectral fitting of the results obtained

0.6 03 5
400 nm
0.5 02 N
< 488 nm
0.4 0.1
< 03 o . . .

T T
0 02 04 06 08 1

0.2 C02(10M)
0.1
0
320 420 520 620 720

wavelength (nm)

Figure 16. (a) Effect of addition of Co?* on UV—vis spectrum of 10 (50 uM; pH 7.0+0.1;
CH30H-/H,0 1:1). Inset shows plot of absorbance at 400 nm and 488 nm on titration of
10 with Co®*. The points refer to experimental values and line to curve fit.
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’ 01 400 nm
0.3
0
< i 0 02 04 06 08 1
02 Ni2*(10M )
0.1
0 n
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Figure 17. Effect of addition of Ni** on UV—vis spectrum of 10 (50 uM; pH 7.0+0.1;
CH30H/H,0 1:1). Inset shows plot of absorbance at 400 nm and 488 nm on titration of
10 with Ni%>*. The points refer to experimental values and line to curve fit.

from titration shows the formation of ML (log =5.9240.1). The
titration of 10 with Cu®>* showed the formation of a new absorption
band at 484 nm with two isosbestic points at 370 nm and 432 nm
(Fig. 18). The spectral fitting showed the formation of ML
(log B=6.110.2) species. Titration of 10 with Zn?>* under similar
conditions showed the formation of a new blue shifted absorption
band at 367 nm with an isosbestic point at 376 nm (Fig. 19). The

spectral fitting shows the formation of ML complex
(log p=7.78+0.6).
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Figure 18. (a) Changes in the UV—vis spectrum of 10 (50 uM; pH 7.04-0.1; CH30H/H,0
1:1) (b) Plot of absorbance of 10 upon titration with Cu?*. The points refer to exper-
imental values and line to curve fit.
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Figure 19. (a) Changes in the UV—vis spectra of 10 (50 uM; pH 7.0+0.1; CH30H/H,0
1:1) (b) Plot of absorbance of 10 upon titration with Zn?>*. The points refer to exper-
imental values and line to curve fit.

2.5. Ratiometric estimation of metal ions using
chemosensors 2, 6, 8, and 10

The switching of Aynax values during addition of metal ions to
chemosensors 2, 6, 8, and 10 could be used to elaborate the ratio-
metric responses toward the metal ions. Ratiometric method in-
creases the sensitivity and the dynamic range of the system and
provides evaluation of metal ion independent of concentration of
the chemosensor. Chemosensor 2 can be used to measure
5—150 uM with changing absorbance ratio Ag24nm/A494nm from 0.01
to 2.0, i.e., nearly 200 times increase in ratio (Fig. 20a). The higher
binding stability of 6 toward Cu®" shifts the lowest limit of Cu®*
estimation to 1 uM and highest 40 uM with nearly 60 times ratio
change. Chemosensor 6 is significantly less sensitive to Co?* and
can measure Co®* only 1—20 uM (Fig. 20b). Chemosensor 8 with an
additional pyridine nitrogen as binding site shows nearly similar
sensitivity to Cu®t and Co®* and is significantly less sensitive to
Ni?*. By using ratiometric approach chemosensor 8 (Fig. 20c) could
measure 1—40 pM Co>* with nearly 240 times ratio change but only
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Figure 20. Ratiometric changes Ay/Ay in cases of chemosensors 2, 6, 8 and 10 on
addition of various metal ions (a) chemosensor 2 (b) chemosensor 6: Agas/Asoo for
Co?*, and Ni%*; Agoa/Asoo for Cu?* (c) chemosensor 8:Agss/Asig forNi>*; Asso/Asis for
Cu?*, and Co?* (d) Chemosensor 10: Asga/A4qo for Co?*, Ni* and Cu®*, and Asg7/A400
for Zn?*.

40 times change in ratio could be observed with Ni®*. Chemosensor
10 with amide unit as binding site shows dual coordination mode
for Co?*, Ni**, Cu®*, and Zn**.

Chemosensor 10 binds with Cu®*, Ni?>*, and Co®* in the order
Cu**>Ni>*>Co?* with least sensitivity for Co**. In ratiometric
method, chemosensor 10 (Fig. 20d) could estimate 1 pM to 50 uM
of metal ions with nearly 240 times ratio change in case of Cu®*,100

times ratio change in case of Ni** and only 30 times ratio change
with Co?*. There is just 20 times ratio change in case of Zn>*.

3. Conclusions

Thus chemosensors 2, 6, 8, and 10 depending on the nature and
number of appended nitrogen atoms show highly selective to semi-
selective behavior toward heavy metal ions. The conversion of sp?
hybridised imine nitrogen in 2 to sp> hybridized alkylamine
nitrogen in chemosensor 6 not only increases the binding with
Cu?* but also increases its sensitivity toward other metal ions. The
dipicolylamine appendage, which is known to selectively complex
with Zn** ions, allows binding of chemosensors 8 and 10 toward
number of other metal ions. Further chemosensors 2 and 6 show
only single mode for coordination but chemosensors 8 and 10 can
bind with metal ions using both LMCT and ICT modes thus pro-
viding different color changes with different metal ions.

4. Experimental
4.1. General comments

Melting points were determined in open capillaries and are
uncorrected. 'H and '3C NMR spectra were recorded on JEOL
300 MHz spectrometer using TMS as internal standard and CDCls as
solvent. FAB mass spectra were recorded on JEOL SX102 mass
spectrometer using xenon (6 kV, 10 mA) as FAB gas. IR and CHN
analysis were performed using Shimadzu FT-IR 8400S and Flash
EA1112 CHNS-O analyzer, respectively. UV—vis spectra were
recorded with Shimadzu UV-2450 spectrophotometer.

4.1.1. Synthesis of 1-{2-[(2-pyridinylmethylene)amino] ethylamino}-
anthracene-9,10-dione (2). To a suspension of 13% (268 mg, 1 mmol)
in ethanol (15 ml) was added pyridine-2-carboxaldehyde (127 mg,
1.2 mmol). The reaction mixture was stirred at room temperature
for 12 h and the solid separated was filtered off to get pure 2. Red
solid; 80%; mp 160 °C (CH3CN); [found C, 74.62; H, 5.12; N, 11.63.
C2oH17N30; requires C, 74.35; H, 4.82; N, 11.82%]; Ry (ethyl acetate)
0.19; vmax (KBr) 1628, 1670, 1640 cm™!; 6y (300 MHz, CDCl3): 3.76
(q,J=5.9 Hz, 2H, CHy,), 4.04 (t, J=5.7 Hz, 2H, CHy), 7.18 (d, J=7.8 Hz,
1H, ArH), 7.33—7.36 (m, 1H, ArH), 7.53—7.62 (m, 2H, ArH), 7.67—7.80
(m, 3H, ArH), 8.05 (d, J=8.1 Hz, 1H, ArH), 8.24 (t, J=7.4 Hz, 2H, ArH),
8.48 (s, 1H, CH), 8.64 (d, J=6.0 Hz, 1H, ArH), 9.98 (br s, 1H, NH,
exchanges with D,0); dc (75 MHz, CDCl3): 43.4, 60.1, 113.4, 115.8,
117.9, 121.6, 124.9, 126.6, 126.7, 132.9, 133.0, 133.9, 134.7, 135.0,
135.2,136.6,149.5,151.6,154.2, 163.8, 183.4, 184.9; FAB mass M m/z
356 (M*+1).

4.1.2. General procedure for the synthesis of 6 and 8. To a solution of
3 (1.33g, 5mmol) in CHyCl; (75 ml) was added triethylamine
(1.4 ml, 10 mmol) followed by methanesulphonyl chloride (0.53 ml,
7 mmol). The mixture was stirred at 40 °C. After completion of the
reaction, mixture was extracted two times with dil HCl (2 N, 30 ml
each portion). The organic phase was then washed with saturated
sodium bicarbonate solution (30 ml) and then dried (Na;SO4). The
solvent was distilled off to get pure 4. To a solution of 4 (690 mg,
2 mmol) in CH3CN (40 ml) were added K,CO3 (550 mg, 4 mmol)
and 2-picolylamine 5 (130 mg, 2.4 mmol). The reaction mixture
was stirred at 80 °C for 24 h. Then the reaction mixture was filtered
off and washed with CH3CN (20 ml) to get crude 6. The crude
product was then chromatographed on silica gel (100—200 mesh)
to get pure 6. Similarly, the reaction of 4 with di-(2-picolyl)amine
gave 8.

4.1.2.1. Methanesulfonic acid 2-(9,10-diox0-9,10-dihydro-
anthracen-1-ylamino)-ethyl ester (4). Red solid; 80%; mp 165 °C
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(ethyl acetate); [Found: C, 60.25; H, 4.76; N, 4.36C17H15NOsS re-
quires C, 59.12; H, 4.38; N, 4.06]; Rf(CHCI3) 0.35; max (CHCl3) 1625,
1665 cm™'; 6y (300 MHz, CDCl3): 3.09 (s, 3H, CHs), 3.77 (q,
J=5.7 Hz, 2H, CH5), 4.49 (t,J=5.7 Hz, 2H, CH>), 7.10 (d, J=8.4 Hz, 1H,
ArH), 7.56—7.81 (m, 4H, ArH), 8.24—8.30 (m, 2H, ArH); éc (75 MHz,
CDCl3): 37.7, 41.7, 67.2, 113.7, 116.5, 117.2, 126.7, 132.9, 133.2, 134.0,
134.6,134.84,135.5,150.9, 166.7, 183.4, 185.4; FAB mass M m/z 346
(M*+1).

4.1.2.2. 1-{2-[(2-Pyridinylmethyl)amino]-ethylamino}-anthra-
cene-9,10-dione (6). Dark red solid; 65%; mp 135 °C (ethyl ace-
tate); [found: C, 74.15; H, 5.76; N, 11.43. Cy3H19N30, requires C,
73.93; H, 5.36; N, 11.76%]; Ry (10% CH30H/CHCl2) 0.65; ¥max
(CHCl3) 1625, 1665 cm™!; 6y (300 MHz, CDCl3): 3.06 (t, J=6.0 Hz,
2H, CHy,), 3.50 (t, J=6.0 Hz, 2H, CH5), 4.03 (s, 2H, CH3), 7.08 (dd,
J1=8.7 Hz, J,=1.2 Hz, 1H, ArH), 7.15-7.19 (m, 1H, ArH), 7.41 (d,
J=7.8 Hz, 1H, ArH,), 7.50—7.61 (m, 2H, ArH), 7.66—7.79 (m, 3H,
ArH), 8.25 (d, J=7.5Hz, 1H, ArH), 8.29 (d, J=7.5 Hz, 1H, ArH),
8.54—8.56 (m, 1H, ArH), 9.91 (br s, 1H, NH, exchanges with
D,0); 6c (75 MHz, CDCl3): 42.6, 42.8, 54.6, 113.1, 115.7, 117.8,
1221, 122.4, 126.6, 126.7, 132.8, 132.9, 133.8, 134.5, 134.9, 135.2,
136.5, 149.2, 151.5, 159.1, 183.7, 184.8; FAB mass M" m/z 358
(M*+1).

4.1.2.3. 1-[[2-[Bis(2-pyridinylmethyl)amino]ethyl]Jamino]-anthra-
cene-9,10-dione (8). Dark red solid; 60%; mp 135 °C (ethyl ace-
tate); [found: C, 74.76; H, 5.67; N, 12.65. C;gH24N40- requires C,
74.98; H, 5.39; N, 12.49%]; Rf (10% CH30H/CHxClz) 0.45; vmax
(CHCl3) 1630, 1672 cm™"; 8y (300 MHz, CDCl3): 2.96 (t, J=6.0 Hz,
2H, CH>), 3.45 (q, J=6.0 Hz, 2H, CH,), 3.94 (s, 4H, CH,), 6.94 (d,
J=8.7Hz, 1H, ArH), 713 (t, J=6.6 Hz, 2H, ArH), 7.47 (t, J=7.5 Hz,
1H, ArH,), 7.57 (d, J=7.5 Hz, 2H, ArH), 7.64 (t, J=7.5 Hz, 2H, ArH),
7.70—7.84 (m, 4H, ArH), 8.25 (d, J=7.5Hz, 1H, ArH), 8.36 (d,
J=7.5 Hz, 1H, ArH), 8.50 (d, J=5.1 Hz, 2H, ArH), 9.95 (br s, 1H, NH,
exchanges with D;0); 6c NMR (75 MHz, CDCl3): 40.4, 52.5, 60.6,
113.1, 115.6, 118.0, 122.1, 123.4, 126.6, 126.7, 132.9, 133.0, 133.9,
135.1, 136.6, 148.8, 151.3, 159.0, 183.9, 184.6; FAB mass Mt m/z
448 (M"+1).

4.1.3. Synthesis of 2-[bis(2-pyridinylmethyl)amino]-N-(9,10-dioxo-
9,10-dihydro-anthracen-1-yl)-acetamide (10). To a solution of
1-(chloroacetylamido)-anthracene-9,10-dione ~ (9)1° (600 mg,
2 mmol) in CH3CN were added K,CO3 (550 mg, 4 mmol) and di-(2-
picolyl)amine 7 (463 mg, 2.4 mmol). The reaction mixture was
stirred at 80°C for 24 h. After completion of the reaction, the
suspended solid was filtered off and was washed with CH3CN
(20 ml). The solvent was removed under vacuum to get crude
product. The crude product was chromatographed on silica gel
(100—200 mesh) to get pure 10; yellow solid; 75%; mp 195 °C
(ethanol); [found: C, 72.76; H, 5.21; N, 12.45. C,gH22N403 requires
C, 72.71; H, 4.79; N, 12.11%]; Ry (ethyl acetate) 0.39; vmax (CHCl3)
1629, 1666, 1680 cm™!; dy (300 MHz, CDCls): 3.54 (s, 2H, CHy),
4.06 (s, 4H, CHy), 716 (t, J=5.7 Hz, 2H, ArH), 7.64—7.77 (m, 3H,
ArH), 7.85 (t, J=6.5 Hz, 2H, ArH), 7.96 (d, J=7.8 Hz, 2H, ArH), 8.08
(d, J=7.8 Hz, 1H, ArH), 8.31 (d, J=6.0 Hz, 1H, ArH) 8.39 (d, J=6.0 Hz,
1H, ArH), 8.53 (d, J=6.0 Hz, 2H, ArH), 9.16 (d, J=8.7 Hz, 1H, ArH),
13.1 (br s, 1H, NH, exchanges with D,0); ¢ (75 MHz, CDCl3): 59.5,
61.3,118.3,122.4,123.6, 123.7,126.4, 126.5, 127.1,127.2,132.9, 134.0,
134.2,135.5, 136.6, 141.3, 149.0, 149.2, 157.9, 171.5, 182.8, 186.4; FAB
mass Mt m/z 463 (M™).

4.2. Photophysical studies
UV—vis spectroscopy analysis was carried out on a Shimadzu

UV-2450 PC UV—vis Spectrophotometer by using slit widths of
1.0 nm and matched quartz cells. All metal ion titrations were

performed in CH30H/H20 (1:1) at pH 7.04+0.1 (10 mM HEPES
buffer). The pH—UV—vis combination titrations were performed in
CH30H/H,0 (1:1) unbuffered solution. Stock solutions (0.1 M) of
metal perchlorate salts were prepared in distilled water. Stock so-
lutions (1 mM) of receptors were prepared in CH3OH (6, 8) and
DMSO (2, 10). UV—vis spectra were performed by using 50 pM so-
lutions of receptors in CH30H/H;0 (1:1) and varying concentration
of metal ions.

Metal binding features and affinity and stoichiometries of dif-
ferent complexes were assessed via titrations. Titration data is fit
with programme specfit/32, which analyzes multi-wavelength data
using an iterative method to obtain the association constant in
terms of free or unbound metal ion.
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