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ction of multiple ions by two
related chemosensors: structural elucidations and
logic gate applications†

Vijay Kumar,‡ Pramod Kumar‡ and Rajeev Gupta *

Two related chemosensors L1 and L2 display selective detection of multiple ions (Cu2+, Al3+, Cd2+ and S2�) as

a result of minor variation of functional groups. Both chemosensors offer identical pyrrole-2-carboxamide

fragments; however, they differ by the presence of either an ester (L1) or an acid group (L2) at a remote

arene ring. While L1 shows selectivity towards the Cu2+ ion L2 is highly selective for Al3+ and Cd2+ cations as

well as S2� anion. A combination of studies (Stern–Volmer plots, detection limits and Benesi–Hildebrand

fittings) displays the notable sensing abilities of both chemosensors. Both chemosensors were utilized to

develop logic gate-based applications by considering multiple detection of assorted ions. Structural studies

provide vital details about the mode of binding between chemosensors and cations. Simple synthesis, multi-

stimuli response, fast response, solution visualization, and practical detection methods (filter paper strips and

polystyrene films) suggest excellent sensing potentials of both chemosensors.
Introduction

Development of strategies for the detection of multiple ions has
received considerable attention due to signicance in biolog-
ical, environment, and chemical assays.1 Detection of multiple
ions by a single probe is not only cost-effective and time-saving
but is also desirable for one-pot assays.2 Moreover, probes
capable of detecting multiple ions have been effectively used for
the development of memory devices and molecular logic gates.3

In this direction, molecular logic gates with proper input and
output history are appropriate for such memory devices.4

However, progress is still in its infancy and hence multiple
inputs/outputs based logic operations are required with better
safety level and multiple inputs.5 Notably, inputs and outputs
critically depend on the functional groups being offered by
a probe and/or a chemosensor.6

It is well known that both cations and anions are required in
various biological processes while both their excess as well as
deciency may have detrimental effects.7 For example, essential
Cu2+ ion can cause serious complications due to its excess.8,9

Accumulation of aluminum induces several health hazards
i, Delhi 110 007, India. E-mail: rgupta@

du.ac.in/�rgupta/; Tel: +91-11-27666646

ESI) available: Experimental details for
stants, detection limits and binding
res for FTIR, NMR, mass, absorption,
, detection limit, optical images, and
1530941 and 1530943. For ESI and

ther electronic format see DOI:

is work.

hemistry 2017
such as Alzheimer's and Parkinson's diseases while it can also
damage the nervous system.10 Contamination of cadmium in
environment causes serious environmental and health prob-
lems, including lung, prostatic, and renal cancers.11 Similarly,
high level of several anions such as sulde can cause irritation
of mucous membrane, and may lead to unconsciousness and
respiratory paralysis, Alzheimer's disease, Down's syndrome
and liver cirrhosis.12,13 Therefore, detection of several such
cations and anions is important due to their momentous effect
both on human health and environment.14,15

Synthetic chemosensors have been developed for the indi-
vidual detection of Cu2+,16,17 Al3+,18 Cd2+,19 and S2� ions.20,21

However, detection of multiple ions by a single chemosensor
has been a major challenge.22–24 Martinez-Manez and co-
workers have reported detection of multiple ions based on
a single chemosensor in its different forms.25 On the other
hand, Schmittel and co-workers have achieved technique-
dependent selective detection of multiple ions.26 However,
Scheme 1 (a) Chemical drawings of chemosensors L1 and L2 and their
mode of interaction with multiple ions; (b) molecular structure of
chemosensor L2 wherein thermal ellipsoids are drawn at 50% proba-
bility level.
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development of a single chemosensor, capable of detecting
multiple ions, still remains a difficult task. Herein, we present
two closely related chemosensors L1 and L2 with adept detec-
tion abilities for multiple ions (Cu2+, Al3+, Cd2+ and S2�). These
chemosensors include biphenyl moiety as the uorophore
while pyrrole-2-carboxamide and carboxylic acid groups serve as
the ion interacting sites (Scheme 1).
Fig. 2 Change in emission intensity in CH3OH of (a) L1 (20 mM) on
exposure to Cu2+ ion (0–100 mM); (b) and (c) L2 (20 mM) on exposure to
Al3+ and Cd2+ ions (0–100 mM), respectively.
Results and discussion

Synthesis and characterization of L1 and L2

Chemosensor L1 was synthesized by the coupling of pyrrole-2-
carboxylic acid with methyl-4-amino-[1,1-biphenyl]-4-carboxylate
whereas L2 was obtained by the base-assisted hydrolysis of L1.
FTIR spectrum shows two N–H stretches at 3405 and 3326 cm�1

for L1 and 3334 and 3284 cm�1 for L2 (Fig. S1 and S2, ESI†). Such
stretches have been assigned to the presence of pyrrole-NH and
amide-NH resonances.27 Similarly, proton NMR spectrum of L1
displays two signals for two different N–H groups at 9.82 and
11.69 ppm. On the other hand, L2 exhibits two such signals at 9.85
and 11.67 ppmwhereas a broad feature at 12.90 ppm corresponds
to –COOH group (Fig. S3–S6, ESI†). The ESI+ mass spectra of
chemosensors L1 and L2 display [L + H]+ molecular ion peaks at
321.1237 and 307.1079, respectively (Fig. S7 and S8, ESI†). Che-
mosensor L2 crystallized in P21/c space group and its molecular
structure is shown in Scheme 1b. The crystal structure displays
that the biphenyl and pyrrole rings exist in the same plane while
pyrrole-N and carboxamide-O groups are nicely positioned on the
same side to potentially chelate a metal ion.
Detection of Cu2+, Al3+, Cd2+ and S2� ions

The UV-Vis spectra of chemosensors L1 and L2 in CH3OH
display intense peaks at 312 nm (44 240 mol�1 cm�1) and
307 nm (41 050 mol�1 cm�1) (Fig. S9, ESI†). Such features are
assigned to p–p* transitions within these chemosensors. Both
Fig. 1 Emission spectra of chemosensor (a) L1 (20 mM) and (b) L2 (20
mM) in CH3OH and after their interaction with assorted metal ions (100
mM). Bar diagram exhibiting change in emission intensity at 418 nm for
L1 (red pillars) and L2 (blue pillars) in presence of assorted metal ions
(100 mM).

23128 | RSC Adv., 2017, 7, 23127–23135
L1 and L2 show intense emission at 418 nm upon excitation at
320 nm in CH3OH. We evaluated the effect of addition of alkali
(Na+, K+), alkaline (Mg2+, Ca2+), transition (Cr3+, Co2+, Ni2+, Fe2+,
Fe3+, Mn2+, Mn3+, Cu2+, Zn2+, Ag+, Hg2+, Pd2+, Cd2+) and post-
transition (Al3+, Pb2+) metal ions on the emission spectra of
L1 and L2. Notably, addition of ve equivalents (100 mM) of
assorted metal ions to L1 (20 mM) did not cause appreciable
change. However, addition of Cu2+ ion resulted in considerable
quenching in the emission intensity when compared to other
metal ions (Fig. 1). Interestingly, in case of L2, Al3+ triggers
enhancement withmoderate red shi (Dl¼ 3 nm) whereas Cd2+

caused notable quenching in the emission with considerable
blue shi (Dl ¼ 25 nm) (Fig. 1).

As probe L2 showed emission enhancement in presence of
Al3+ ion, hence, we measured the uorescence spectra of L2 in
absence as well as in presence of Al3+ ion in different combi-
nations of CH3OH and H2O (CH3OH/H2O; 100 : 0, 75 : 25,
50 : 50, 25 : 75, 10 : 90, 1 : 99). Fig. S10† shows that increasing
water percentage quenches the emission of L2. Similarly,
detection of Al3+ ion by chemosensor L2 was also higher in
CH3OH when compared to a MeOH–H2O mixture (Fig. S11†). In
light of these observations, sensing studies were only performed
in CH3OH and not in 100% H2O or HEPES buffer.

The change in the uorescence intensity of L1 and L2 was
investigated by the successive addition of Cu2+, Al3+ and Cd2+

ions (Fig. 2 and 3a). Importantly, Cu2+ ion shows quenching
without wavelength shi whereas Al3+ and Cd2+ ions respec-
tively exhibited enhancement and quenching with wavelength
shi. To measure the extent of binding, Stern–Volmer constants
(KSV),28 detection limits29 and binding constants (Kb)30 were
calculated using uorescence spectral titrations. The Stern–
Volmer constants were found to be 9.33 � 103 M�1 and 5.95 �
104 M�1 for Cu2+ and Cd2+ ions, respectively (Fig. S12† and
Table 1). Chemosensor L1 showed the detection limit of 1.39
mM for Cu2+ ion while L2 showed detection limits of 0.55 mM
and 1.02 mM for Al3+ and Cd2+ ions, respectively (Fig. S13† and
Table 1). The binding constants Kb (M

�1) were found to be 1.61
� 104, 3.72 � 103 and 1.24 � 105 for Cu2+, Al3+ and Cd2+ ions,
respectively (Fig. 3b and Table 1).30

The detection of Cu2+, Al3+ and Cd2+ ions by the photo-
responsive chemosensors L1 and L2 was also investigated by
the UV-Vis spectral titrations. The intense peak at lmax ¼
312 nm (44 240 mol�1 cm�1) for L1 (20 mM, CH3OH) was red-
shied by 4 nm in presence of Cu2+ ion (0–100 mM). The
observation of two isosbestic points at 288 and 330 nm suggests
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Change in emission intensity of L1 (20 mM) and L2 (20 mM) at
418 nm with varying concentration of Cu2+, Al3+ and Cd2+ ions (100
mM). (b) Benesi–Hildbrand plots at 418 nm for Cu2+, Al3+ and Cd2+ ions
with L1 and L2.

Table 1 Stern–Volmer constants (KSV), detection limits and binding
constants (Kb) for chemosensors L1 and L2 with Cu2+, Al3+, Cd2+ and
S2� ions

Species
KSV

(M�1)
Detection limit
(mM)

Kb (M�1)

Fluorescence UV-visible

L1 + Cu2+ 9.33 � 103 1.39 1.61 � 104 0.77 � 103

L2 + Al3+ — 0.55 3.72 � 103 1.01 � 104

L2 + Cd2+ 5.95 � 104 1.02 1.24 � 105 0.73 � 104

L2 + S2� 4.21 � 106 0.01657 1.25 � 106 1.49 � 104

Fig. 5 (a) Bar diagram exhibiting change in emission intensity in
CH3OH at 418 nm of chemosensors L1 (20 mM, red pillars) and L2 (20
mM, green pillars) in presence of 1.2 equivalents of different anions (24
mM). (b) Change in emission spectra of L2 (20 mM) on exposure to S2�

ion (0–24 mM) in CH3OH. (c) Change in absorption spectra of che-
mosensor L2 (20 mM) with different concentrations of S2� ion (0–30
mM).
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the formation of a new species (Fig. 4a). Chemosensor L2 (20
mM, CH3OH) displays an intense peak at lmax ¼ 307 nm (41 050
mol�1 cm�1) which was red-shied to 317 nm (Dl ¼ 12 nm) on
addition of Al3+ ion (0–100 mM). The isosbestic points at 260 nm
and 313 nm point towards the generation of a new species
(Fig. 4b). The switch-on behavior of chemosensor L2 in presence
of Al3+ ion was clearly noted under the UV light (Fig. 4b, inset).
Similarly, chemosensor L2 (20 mM, CH3OH) showed a red shi
of 5 nm on addition of Cd2+ ion (0–100 mM) with isosbestic
points at 250 nm and 310 nm (Fig. S14†). Benesi–Hildebrand
tting of UV-visible spectral titrations provided the binding
constants (Kb � 103 M�1) of 0.77, 10.1 and 7.3 for Cu2+, Al3+ and
Cd2+ ions, respectively (Fig. S15† and Table 1).31
Fig. 4 (a) Change in absorption spectra of chemosensor L1 (20 mM)
after addition of different concentrations of Cu2+ ion (0–100 mM). (b)
Change in absorption spectra of chemosensor L2 (20 mM) with Al3+ ion
(0–100 mM); inset: color change of a CH3OH solution of L2 in absence
(a1, b1) and in presence of Al3+ ion (a2, b2) under visible and UV light,
respectively.

This journal is © The Royal Society of Chemistry 2017
The presence of N–H groups both from pyrrole and amide
moieties suggested that chemosensors L1 and L2 may also offer
anion sensing abilities. Therefore, we investigated the effect of
following anions on the emission of L1 and L2: SCN�, SO4

2�,
SO3

2�, S2�, S2O8
2�, S2O7

2�, C2O4
2�, CH3COO

�, CO3
�, HCO3

�,
Cl�, Br�, I�, NO3

�, NO2
� and PO4

3�. In case of L1 (20 mM),
addition of 1.2 equivalents (24 mM) of any anion did not cause
appreciable change. Importantly, in case of L2 (20 mM), addition
of S2� ion resulted in signicant quenching in the emission
spectrum with a blue shi (Dl ¼ 7 nm) (Fig. S16† and 5a). The
change in uorescence intensity of L2 was then investigated by
the successive addition of S2� ion (Fig. 5b and S17a†). The
Stern–Volmer constant (KSV)28 was found to be 4.21 � 106 M�1

suggesting a strong quenching by S2� ion (Fig. S17b† and Table
1).32 A high detection limit of 16.57 nM and a high binding
constant (Kb, M

�1) of 1.25 � 106 were observed for S2� ion.29,30

(Fig. S18† and Table 1). Detection of S2� ion by chemosensor L2
was also investigated by the UV-visible titration in CH3OH. The
intense peak at 307 nm (20 mM) was found to blue shi (Dl ¼ 4
nm) aer the addition of S2� ion (0–30 mM) (Fig. 5c). Benesi–
Hildebrand tting of the UV-visible spectral titration data
provided Kb of 1.49 � 104 M�1 (Fig. S19† and Table 1).
Selectivity studies

A good chemosensor should not only offer high sensitivity and
fast response time but also high degree of selectivity for an
analyte from a mixture. Therefore, selectivity was investigated
by performing competitive binding studies of L1 towards Cu2+

and L2 towards Al3+ as well as Cd2+ ion in presence of other ions.
As shown in Fig. 6a, no signicant change in the emission
intensity of chemosensor L1 (20 mM) towards Cu2+ ion was
observed in presence of following metal ions (100 mM): Na+, K+,
Mg2+, Ca2+, Al3+, Cr3+, Co2+, Fe2+, Fe3+, Mn2+, Ni2+, Mn3+, Zn2+,
Ag+, Pb2+, Hg2+, Pd2+, Cd2+. Similarly, no remarkable change in
the emission intensity of L2 (20 mM) in presence of Al3+ ion was
observed upon addition of (100 mM) of other metal ions. As
expected, however, Cd2+ ion showed considerable quenching
(Fig. 6b). The selectivity was also investigated for S2� ion in
RSC Adv., 2017, 7, 23127–23135 | 23129
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Fig. 6 (a) Selectivity of chemosensor L1 towards Cu2+ ion in presence
of other metal ions: L1 + metal ions (blue pillars); and L1 + metal ions +
Cu2+ ion (green pillars). (b) Selectivity of chemosensor L2 towards Al3+

ion in presence of other metal ions: L2 + metal ions (green pillars); and
L2 + metal ions + Al3+ ion (purple pillars).

Fig. 7 Selectivity of chemosensor L2 towards S2� ion in presence of
other anions: L2 + anions (blue pillars); and L2 + anions + S2� ion (pink
pillars).

Fig. 8 Emission outputs of L2 at 418 nm in presence of chemical
inputs viz. IN 1¼ Al3+ and IN 2¼ Cd2+ (green bars); IN 1¼ Al3+ and IN 2
¼ S2� (blue bars) and the corresponding two-input combinational
logic circuit; dotted line provides guide to eyes.

Fig. 9 (a) Emission outputs of L1 at 418 nm in presence of chemical
inputs viz. IN 1 ¼ Cu2+ and IN 2 ¼ S2� (blue bars) and the corre-
sponding two-input combinational logic circuit. (b) Reversibility cycles
for L1 (20 mM) at 418 nm upon addition of Cu2+ (100 mM) and subse-
quent regeneration by the addition of Na2S (200 mM); dotted lines
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presence of other potential anions by performing competitive
binding studies as shown in Fig. 7. In this case also, addition of
other interfering anions (24 mM) only caused negligible change
in the emission intensity of chemosensor L2 (20 mM).

Interestingly, in presence of both Al3+ and Cd2+ ions, emis-
sion intensity of chemosensor L2 was found to enhance, hence
Al3+ ion is more dominating as compared to Cd2+ ion (Fig. 8,
green bars). Similarly, for a combination of Al3+ and S2� ions,
Al3+ ion is more dominating as compared to S2� ion and
enhances the emission intensity of L2 (Fig. 8, blue bars).
Therefore, high degree of selectivity of probe L2 towards Al3+ ion
as compared to Cd2+ and S2� ions, was used for the construction
of two-input combinational logic circuit.3,4,33,34 The logic circuit
and the corresponding truth table was planned in such a way
that Al3+ acts as IN 1 while Cd2+/S2� function as the IN 2. The
change in emission intensity of L2 at 418 nm was selected as the
output with the threshold value of 200 (Fig. 8). The emission
above the threshold values is assigned as “ON” whereas emis-
sion below the threshold values was allocated as “OFF” for “on”
and “off” readout signals, respectively. Fig. 8 displays the
simplest symbolic representation of a TRANSFER (Al3+) logic
gate in which Al3+ line goes into a YES gate35 whereas Cd2+/S2�

line is le unconnected. Herein, YES gate output is the uo-
rescence intensity at 418 nm.
23130 | RSC Adv., 2017, 7, 23127–23135
Reversibility studies

Reversibility is an important factor for the optimum func-
tioning of a chemosensor.36 In case of Cu2+ ion, Na2S was used
to remove Cu2+ ion to achieve the reversibility.37 Fig. 9a shows
that Cu2+ ion quenches the uorescence of L1; however, addi-
tion of sulde ion restores it (ca. 96%). Reversibility cycles were
generated for L1 (20 mM) at 418 nm upon successive addition of
Cu2+ (100 mM) and S2� (200 mM) ions (Fig. 9b). Similarly, in
order to develop a reversible chemosensor for the detection of
Al3+ and Cd2+ ions, K2HPO4 was used to remove Al3+ (red bars)
as well as Cd2+ ions (green bars) from L2–Al and L2–Cd systems
(Fig. 10a). Reversibility cycles were generated for L2 (20 mM) by
the successive addition of Al3+/Cd2+ ions (100 mM) and K2HPO4

(100 mM) (Fig. 10b and b0).
As Na2S and K2HPO4 can be used for achieving reversibility

by respectively removing Cu2+ and Al3+/Cd2+ ions; logic circuits
and truth tables for chemosensors have been constructed (IN 1
¼ Cu2+ and IN 2 ¼ S2� for L1, IN 1 ¼ Al3+ or Cd2+ and IN 2 ¼
K2HPO4 for L2). The threshold emission values were xed at 150
(for L1), 200 and 100 (for L2) at 418 nm (OUT) for the detection
of Cu2+, Al3+ and Cd2+ ions, respectively (Fig. 9a and 10a). The
emission above and below these threshold values were allocated
as “ON” and “OFF” for “on” and “off” output signals,
respectively.
provide guide to eyes.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 (a) Emission outputs of L2 at 418 nm in presence of chemical
inputs viz. IN 1¼ Al3+ and IN 2¼ K2HPO4 (red bars); IN 1¼ Cd2+ and IN
2 ¼ K2HPO4 (green bars) and the corresponding two-input combi-
national logic circuit. (b) and (b0) are reversible cycles for L2 (20 mM) at
418 nm upon addition of Al3+ (100 mM) and Cd2+ (100 mM), respectively
and subsequent regeneration by the addition of K2HPO4 (200 mM);
dotted lines provide guide to eyes.

Scheme 2 Chemical drawings of proposed structures of L1–Cu, L2–
Al and L2–Cd compounds formed between chemosensors L1/L2 and
Cu2+/Al3+/Cd2+ ions and the chemical reversibility for the L2–Al and
L2–Cd systems.

Fig. 11 Ball and stick representation of the partial crystal structure of
[Cu(L1)2]. Selected bond distances (Å) and angles (�): Cu1–N2, 1.902;
Cu1–O3, 2.014. Selected bond angles (�): O3–Cu1–O3#, 180.0; N2–
Cu1–O3, 84.4; N2–Cu1–O3#, 95.6; N2–Cu1–N2, 180.0.
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Fig. 9a shows the simplest symbolic representation of
IMPLICATION (Cu2+) logic gate with two input lines (Cu2+ and
S2�) of which Cu2+ line goes into a single-input NOT gate while
outputs from NOT gate and S2� line go into an OR gate. Herein,
uorescence intensity at 418 nm is OR gate output. A similar
IMPLICATION (Cd2+) logic gate38 was observed for Cd2+–K2HPO4

system (Fig. 10a, green colored truth table and logic gate).
Notably, Al3+–K2HPO4 system provided an INHIBIT logic gate39

wherein Al3+ input line goes into a single-input OR gate and
K2HPO4 input line goes into NOT gate while output from the
NOT gate goes into the OR gate (Fig. 10a, red colored truth table
and logic gate). In this case, OR gate output is the uorescence
intensity at 418 nm.

Binding modes

Job's method28,40 of mole fraction suggested 1 : 1 stoichiometry
for L1–Cu, L2–Al, L2–Cd and L2–S species (Fig. S20–S22, ESI†).
The 1 : 1 stoichiometry was further supported by the Benesi–
Hildebrand tting both from uorescence as well as UV-Visible
spectral titrations (Fig. 3b, 5b, S15 and S19†). Moreover,
formation of L1–Cu, L2–Al, L2–Cd and L2–S was also investi-
gated by the UV-Vis titrations (vide supra) in which wavelength
shi including isosbestic points conrmed the generation of
a new species (Fig. 4, 5c and S14, ESI†). We, however, intended
to isolate the product(s) from the reaction between different
chemosensors to that of metal salts in order to obtain conclu-
sive structural details.

Subsequently, chemosensor L1 was reacted with CuCl2
whereas L2 was treated with Cd(OAc)2 and Al(NO3)3 salts to
obtain the respective product.41 The FTIR spectrum of the blue-
colored L1–Cu complex displayed the disappearance of pyrrole
N–H group which was noted at 3326 cm�1 in free L1 (Fig. S23†).
In addition, nC]O stretches for the ester group exhibited negli-
gible shi thus ruling out its involvement in coordination. On
the other hand, nC]O band of amide group displayed a signi-
cant blue shi (from 1602 cm�1 in free L1 to 1654 cm�1 in L1–
Cu) conrming its coordination through the O-amide atom. The
This journal is © The Royal Society of Chemistry 2017
high-resolution ESI-MS spectrum of L1–Cu displayed molecular
ion peak at m/z 475.9728 attributed to [{L1–H} + Cu2+ + 2Cl� +
Na+ + H+]+ (Fig. S24†). The solutionmolar conductance of L1–Cu
compound displayed non-conducting nature.42 Collectively,
these studies suggest a 1 : 1 stoichiometry between L1 and Cu2+

ion forming a L1–Cu compound as displayed in Scheme 2.
Finally, blue colored plate-shaped crystals were obtained by

the slow evaporation of a CH3OH/CH3CN solution of [L1–Cu]
compound. The partial molecular structure however shows
a bis-chelated composition, [Cu(L1)2] (Fig. 11).43 The crystal
structure shows a distorted square-planar geometry around the
Cu(II) ion wherein two deprotonated pyrrole-N and two neutral
O-amide atoms constitute the basal plane around the metal ion.
We believe that during the crystallization, a thermodynamically
stable product, [Cu(L1)2], was crystallized which is different
from the solution-based species [L1–Cu] responsible of sensing
of Cu2+ ion in solution. Nevertheless, crystal structure of
[Cu(L1)2] clearly illustrates the coordination mode of chemo-
sensor L1 and its strong ligating ability.

On the other hand, FTIR spectra of L2–Al and L2–Cd showed
two different N–H signals due to the presence of both pyrrole-
NH and amide-NH groups thus suggesting protonated form of
L2 (Fig. S25 and S26†). In addition, nC]O stretches for the
carboxylate group exhibited moderate red shi thus suggesting
its coordination to themetal ion. The 1HNMR spectrum of L2 in
presence of Al3+ and Cd2+ ions showed disappearance of COO–H
signal which was noted at 12.89 ppm in free L2 (Fig. S27†).
Therefore, both FTIR and NMR spectral studies conrm the
coordination of L2 through the deprotonated carboxylate group
in L2–Al and L2–Cd as shown in Scheme 2. The nature of
interaction of L2 with Al3+ and Cd2+ ions was also examined by
RSC Adv., 2017, 7, 23127–23135 | 23131
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Fig. 13 Detection of Al3+ ion in (x) CH3OH solution (y) paper strips and
(z) polystyrene films; (a) and (b) are the images in visible and UV region,
respectively. In all cases: (i) displays only L2, (ii) displays L2 in presence
of Al3+ ion, (iii) displays L2 in presence of Al3+ ion and K2HPO4. ‘y’ and ‘z’
studies have been performed both in H2O and CH3OH.
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the high-resolution ESI+ mass spectra. Herein, molecular ion
peaks were observed at m/z 475.3264 and 531.2752 that were
assigned to [{L2–H + Al3+ + 2NO3

� + H2O} + H+]+ (Fig. S28†) and
[{L2–H + Cd2+ + CH3COO

� + H2O} + Na+]+, respectively
(Fig. S29†). The presence of coordinated water in L2–Al and L2–
Cd was established by the thermal weight loss (3.4–3.8% for
1H2O) in the TGA studies (Fig. S30, ESI†).

Interestingly, when L2–Cd was crystallized from DMSO–
CH3OH, a new compound L2–Cd# was obtained that was
structurally characterized. The asymmetric unit of L2–Cd#

displays two L2, one Cd(II) ion, and two Cd-coordinated DMSO
molecules. The crystal structure of L2–Cd#, shown in Fig. 12,
exhibits that a Cd(II) ion is coordinated to two O-carboxylate and
two O-amide atoms from two different chemosensor L2 in
addition to two DMSOmolecules. As a result, two chemosensors
L2 hold two Cd(II) ions to generate a large metallacycle. Such
metallacycles are further extended via Cd–Oamide bonds to
generate a double chain structure. It is suggested that the
solution-based species, L2–Cd, slowly reorganizes to form
a thermodynamically stable product, L2–Cd#. Importantly,
crystal structure of L2–Cd# proves our assumption that che-
mosensor L2 coordinates preferentially through its O-
carboxylate end and not through pyrrole-N part. Interestingly,
crystal structures of [Cu(L1)2] and L2–Cd# illustrate that minor
changes in a chemosensor (ester versus acid) leads to drastic
changes in its sensing abilities.

The proton NMR titration of chemosensor L2 with 0–2 equiv-
alents (0, 0.5, 1.0, 1.5 and 2.0) of Na2S showed changes in the
biphenyl ring protons (Fig. S31†). In addition, a new signal was
observed at�3.34 ppm that has been assigned to the HS� species
(Fig. S32†).44 Such an experiment suggests that the interaction of
S2� ion with the carboxylic acid group of L2 potentially generates
HS� species and anionic carboxylate group. Importantly, no
change in the emission of L1 (having ester group) in presence of
S2� ion strongly support the role of free carboxylic acid in its
Fig. 12 (a) Crystal structure of L2–Cd# where thermal ellipsoids are
drawn at 30% probability level while hydrogen atoms are omitted for
clarity. Selected bond distances (Å): Cd1–O2, 2.206(6); Cd1–O3,
2.278(6); Cd1–O4A, 2.299(14). Selected bond angles (�): O2–Cd1–
O2#, 122.6(3); O3–Cd1–O3#, 178.3(4); O4A–Cd1–O4A#, 55.3(8);
O2–Cd1–O3, 97.8(2); O2–Cd1–O3#, 83.0(2); O2–Cd1–O4A, 91.7(5);
O2–Cd1–O4A#, 145.2(5); O4A–Cd1–O3, 91.6(4); O4A–Cd1–O3#,
87.0(4). (b) An extended view of double chain structure of L2–Cd#.

23132 | RSC Adv., 2017, 7, 23127–23135
sensing. In the high-resolution ESI-MS spectrum of [L2–S], a peak
was observed in the negative mode with m/z 341.0679 that corre-
sponded to [{L2 + HS� + H+} + H�]� (Fig. S33†). Collectively, these
experiments suggest that the recognition of S2� ion is due to its
ability to abstract a proton from COO–H group of the chemo-
sensor L2. Literature has suggested similar mode of interaction
and recognition for the sulde ion.45

Monitoring of Al3+ ion in different systems

In literature, most of the Al-sensors only operate in a solvent, thus,
limiting the practical applications.46 However, straight-forward
and cost-effective detection of Al3+ ion is important for the prac-
tical applications. Therefore, “turn-on” sensing of Al3+ ion and its
reversibility using K2HPO4 provided us an attractive and cost-
effective detection opportunity. Towards such a goal, we fabri-
cated lter-paper test strips as well as polystyrene lms for the
detection of Al3+ ion. Fig. 13x exhibits that the presence of Al3+ ion
in CH3OH enhances the emission of L2 while addition of K2HPO4

quenches the emission. For the monitoring of Al3+ ion, lter-
paper test strips were prepared by immersing lter-paper strips
in a CH3OH solution of L2 followed by air drying.47 Such test strips
successfully detected Al3+ ion by dipping them directly into either
CH3OH or even water solution of Al(III) salt (Fig. 13y). Importantly,
if such strips were exposed to an aqueous solution of K2HPO4; the
original emission of L2 can be retrieved thus providing revers-
ibility. We also attempted to detect Al3+ ion using thin polystyrene
lms. Such thin lms were prepared by doping L2 during the
synthesis of polystyrene lms28a,48 and demonstrated attractive
detection of Al3+ ion as well as its reversibility using a solution of
K2HPO4 (Fig. 13z). Both such detectionmethods suggest potential
monitoring of Al3+ ion under environmental as well as industrial
conditions.

Conclusions

This report illustrated a simple strategy of developing effective
chemosensors for the detection of multiple ions by simply
changing the remote functional group. In two related chemo-
sensors, carboxylic acid group was found responsible for the
detection of Al3+ Cd2+, and S2� ions whereas a pyrrolecarbox-
amide fragment was needed for the recognition of Cu2+ ion.
This journal is © The Royal Society of Chemistry 2017
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Utilizing multiple detection abilities of two chemosensors,
different logic gates were developed. The “turn on” sensing of
Al3+ ion helped us in developing lter-paper strips as well as
polystyrene lms based detection strategies. Facile synthesis
and multi-stimuli response offered by the present chemo-
sensors may offer potential detection applications.

Experimental section

The discussion about the Stern–volmer constants (KSV), detec-
tion limits, binding constants (Kb) and X-ray crystallography as
well as gures for the characterization of L1, L2, L1–Cu, L2–Al,
L2–Cd and L2–S can be found in the ESI.†

Materials and physical measurements

The analytical grade commercially available reagents were used
without further purications. Stock solutions (10 mM) of cations
and anions were prepared inmethanol. HPLC grade solvents were
used for the UV-Vis and uorescence spectral measurements and
spectra were recorded with a 1.0 cm path length cuvette at
ambient temperature. Elemental analysis data were obtained by
the Elementar Analysen Systeme GmbH Vario EL-III instrument.
The 1H and 13C NMR spectra recorded with a JEOL 400 MHz
instrument. The FTIR spectra (Zn–Se ATR) were recorded with
a Perkin-Elmer Spectrum-Two spectrometer. The absorption
spectra were recorded with a Perkin-Elmer Lambda–25 spectro-
photometer. Fluorescence spectral studies were performed with
a Cary Eclipse uorescence spectrometer. ESI-MS mass spectra
were measured with an Agilent Q-TOF LC-MS mass spectrometer.

Synthesis of L1 (methyl 40-(1H-pyrrole-2-carboxamido)-[1,10-
biphenyl]-4-carboxylate)

Pyrrole-2-carboxylic acid (1.0 g, 0.0090 mol) and methyl-4-
amino-[1,1-biphenyl]-4-carboxylate (2 g, 0.0090 mol) in 25 mL
of pyridine were reuxed for 30 min at 120 �C. P(OPh)3 (3.348 g,
0.0108 mol) was added drop-wise to the aforementioned reac-
tion mixture. The reaction mixture was nally stirred at 80 �C
for 12 h. Aer cooling to room temperature, the reaction
mixture was poured into ice-cold water that caused precipita-
tion of the product, which was ltered, washed with water fol-
lowed by ethanol and dried in vacuum. Yield: 2.2 g (73%). Anal.
calc. for C19H16N2O3: C, 71.24; H, 5.03; N, 8.74. Found: C, 71.31;
H, 5.12; N, 8.53. FTIR spectrum (cm�1): 3405 cm�1 and 3326
cm�1 (N–H). UV/Vis (MeOH): lmax (3, mol�1 cm�1) ¼ 312
(44 240). ESI+ mass spectrum (MeOH, m/z): 321.1237 for [L1 +
H]+. 1H NMR spectrum (400 MHz, DMSO-d6): d ¼ 11.69 (s, 1H),
9.87 (s, 1H), 7.98 (d, J ¼ 8.0 Hz 2H), 7.86 (d, J ¼ 8.3 Hz, 2H), 7.80
(d, J ¼ 8.1 Hz, 2H), 7.71 (d, J ¼ 9.32 Hz, 2H), 7.07 (s, 1H), 6.95 (s,
1H) 6.15 (s, 1H), 3.83 (s, 3H). 13C NMR (DMSO-d6, 400 MHz):
166.63, 159.74, 144.81, 142.21, 140.38, 133.49, 130.35, 128.37,
127.75, 126.86, 126.48, 123.35, 120.63, 112.10, 109.52, 52.66.

Syntheses of L2 (40-(1H-pyrrole-2-carboxamido)-[1,10-
biphenyl]-4-carboxylic acid)

1 g of L1 was dissolved in 10 mL mixture of THF/water (3 : 1)
followed by the addition of a saturated aqueous NaOH solution
This journal is © The Royal Society of Chemistry 2017
(5 mL). The said mixture was stirred at room temperature for
8 h. The progress of the reaction wasmonitored by the thin layer
chromatography. Aer the complete hydrolysis, the reaction
mixture was neutralized by the drop-wise addition of 1 N HCl.
Subsequently, THF was evaporated under the reduced pressure
that caused precipitation of a product. The product was ltered,
washed with water and dried under vacuum. Single crystals of
L2 were grown by the slow evaporation of a DMSO/H2O solution.
Yield: 0.827 g (93%). Anal. calc. for C18H14N2O3: C, 70.58; H,
4.61; N, 9.15. Found: C, 70.12; H, 4.52; N, 9.11. FTIR spectrum
(cm�1): 3334 cm�1 and 3284 cm�1 (N–H). UV/Vis (MeOH) lmax

(3, mol�1 cm�1) ¼ 307 (41 050). ESI+ mass spectrum (MeOH, m/
z): 307.1079 for [L2 + H]+. 1H NMR (DMSO-d6, 400 MHz): d ¼
12.89 (s, OH), 11.67 (s, 1H), 9.85 (s, 1H), 7.97 (d, J ¼ 8.3 Hz, 2H),
7.85 (d, J¼ 8.6 Hz, 2H), 7.70 (d, J¼ 8.7 Hz, 2H), 7.07 (s, 1H), 6.95
(s, 1H), 6.16 (s, 1H) 13C NMR (DMSO-d6, 400 MHz): 167.72,
159.73, 144.44, 140.25, 133.75, 130.50, 129.56, 127.71, 126.72,
126.50, 123.32, 120.65, 112.09, 109.51.
Fabrication of lter paper strips and polystyrene lms

Strips of Whatman lter paper were dipped in a methanol
solution of chemosensor L2 and were air-dried.47 Test strips
coated with L2 were dipped for a few seconds directly into
either aqueous or methanolic solution of aluminum nitrate.
In another experiment, these test strips were further dipped
in an aqueous or methanolic solution of K2HPO4. Finally,
such test strips were investigated under the visible and
ultraviolet light.

A mixture of styrene (1 mL), a,a0-azoisobutyronitrile (AIBN;
1 mg) and L2 in methanol (1 mL) was heated on water bath for
30 min at 80 �C.28a,48 A few drops of the above solution were
placed over glass slide and the slides were air dried to produce
the polystyrene lm. Such polystyrene lms were used for the
detection of Al(III) ion by directly dipping them into either
aqueous or methanolic solution of aluminum nitrate. To
achieve reversibility, such lms were dipped into an aqueous
or methanolic solution of K2HPO4. Such polystyrene lms were
photographed under the visible and ultraviolet light.
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