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A pyrrole end-capped bipyridyl ligand 1a incorporating a chiral

handle exhibited high solid-state emission when compared to the

achiral analogue 1b and to the racemic molecule 1c which

allowed the design of a reusable fluorescent probe for the

selective detection of Zn2+ under aqueous conditions.

Zinc is the second most abundant transition metal in the human

body, and plays a vital role in biological functions such as gene

expression, apoptosis, enzyme regulation and neurotransmis-

sion.1 In recent years a variety of molecular probes for the

detection of Zn2+ ions in aqueous or nonaqueous solutions

have been reported.2,3 In most of these cases, due to high

sensitivity, fluorescence technique has been widely used for

the detection of analytes.4 However, development of solid-state

fluorescence sensors, for the detection of Zn2+ under aqueous

conditions has been limited due to the strong quenching of the

luminescence of organic fluorophores in the solid state.5 In this

context, molecules that exhibit enhanced luminescence in the

solid state are of great importance.6,7

Enhanced solid-state fluorescence has been reported in some

p-phenylenevinylene derivatives.8 Adjustment of the tilt angle

between the long axes of the transition dipole of adjacent

molecules in the solid-state is responsible for the enhanced

emission in these molecules.9 In view of this observation, we

anticipated that incorporation of a chiral handle to a fluor-

escent molecule may improve the solid-state emission due to

the asymmetric carbon induced helical twist, resulting in

emissive aggregates which may allow the fabrication of a

solid-state sensor for Zn2+. As a proof-of-principle to our

hypothesis, we demonstrate here the enhanced solid-state

emission and fabrication of a reusable dipstick probe for

Zn2+ using a chiral ligand 1a when compared to that of

analogous achiral 1b and racemic 1c ligands. Earlier, we

reported the use of the fluorescent probes 1b and 1c for the

ratiometric detection of Zn2+ in solutions.10 However, due to

the weak fluorescence of the molecules in the solid state

(Fig. 1), attempts to design a practical device for the detection

of Zn2+ were not successful. In this context, we prepared the

chiral molecule 1a, by the Wittig–Horner coupling of (S)-1-

(3,7-dimethyloctyl)-1H-pyrrole-2-carbaldehyde with 2,20-

bipyridyl phosphonate (yield 40–45%). In acetonitrile,

1a (6 � 10�6 M) showed an absorption maximum at 408 nm

with strong fluorescence at 537 nm (lex = 440 nm, Ff = 0.51).

More interestingly, in contrast to 1b and 1c, 1a showed strong

emission in the solid state (Table 1).

The enhanced solid-state emission of 1a could be due to the

helical twist in the aggregates which may weaken the

p-interaction between the molecules. In order to prove this,

we conducted circular dichroism (CD) measurements of 1a in

solution as well as in solid-state (Fig. 2). In acetonitrile

solution, 1a (6 � 10�6 M) is CD silent. However, in the solid

state, significant CD response was obtained. Ignoring the

marginal contribution from the linear dichroic response, the

observed CD spectrum indicates a helical twist in the mole-

cular aggregates. Furthermore, the CD spectrum is weak and

nonbisignate, indicating a weak exciton coupling, probably

due to the disorganized aggregation process, which prevent

fluorescence quenching in 1a in the solid-state.

The solid-state emission11 of 1a after dispersing in a poly-

(methylmethacrylate) (PMMA) film is shown in Fig. 3(a). As

expected, 1a exhibited an emission maximum at 535 nm with a

high quantum yield (Ff = 0.46) which is ca. 25 times higher

than that of 1b in PMMA matrix (Ff = 0.018). When the 1a

dispersed PMMA film was immersed in a solution of

Fig. 1 (a) Solid-state emission spectra of 1a (—) and 1b (� � �)
(lex = 400 nm). (b) Photographs showing solid-state fluorescence

of 1a and 1b.
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Zn(ClO4)2 (3 � 10�4 M) in acetonitrile–water (50% v/v), the

absorption peak at 400 nm was red-shifted to 484 nm.

Similarly, Cu2+, Hg2+, Ag+ and Fe2+ showed significant

red-shift to the absorption spectra revealing that these changes

are not specific to Zn2+ ions. However, the fluorescence

response was specific for Zn2+ ions. The fluorescence of 1a

was significantly quenched with cations such as Cu2+, Hg2+,

Ag+ and Fe2+ but not Zn2+. In the case of Zn2+, the emission

maximum was shifted to 640 nm with significant visual color

change from green to red, thus allowing the specific visual

detection (Fig. 3(b)).

The selectivity of the probe towards Zn2+ was tested by

preparing a 1a coated plate which exhibited a bright greenish

yellow fluorescence (Fig. 4). Aqueous solutions of different

metal salts (5 � 10�4 M) were spotted on the plate, individu-

ally and as mixtures. Analysis of this plate reveals that the

fluorescence of 1a changes from greenish-yellow to red in

selective response to Zn2+ ions (spots 1–4). Promisingly, in a

mixture of alkali, alkaline earth and transition metal cations

that are mixed with Zn2+ showed the red emission of the

Zn2+�1a complex, revealing the high selectivity of the probe.

On the other hand, individually Ag+, Cu2+, Fe2+ and Hg2+

salts resulted in dark spots (spots 5–8) due to fluorescence

quenching whereas Na+, K+, Ca2+ and Mg2+ salts did not

change the fluorescence of 1a much. A quantitative analysis of

the specificity of Zn2+ sensing in the solid-state was carried

out by measuring the relative fluorescence intensity of 1a in the

absence and presence of cations. Plots of the relative fluores-

cence intensities against the corresponding cations indicate

that Zn2+, in the absence and presence of other cations,

exhibits maximum relative fluorescence intensity (Fig. 4(b)).

Thus a selective screening of Zn2+ is possible by monitoring

the emission color under illumination.

The above results encouraged us to develop a dipstick probe

for the detection of Zn2+ in water, completely avoiding

organic solvents.12 For this purpose, 1a was adsorbed on

alumina, a slurry of which was coated on a thermoplastic

stick as support (Fig. 5). The prepared stick as such was used

for the detection. The performance of the stick was tested by

dipping it into a Zn(ClO4)2 solution (5 � 10�4 M, 15 mL) in

water under neutral pH. The color of the stick wherever in

contact with Zn2+ was changed from greenish-yellow to

orange which was accompanied by a fluorescence change from

greenish yellow to deep red (Fig. 5(c) and (d)), upon illumina-

tion with 365 nm UV light. The detection limit of 1a to Zn2+

in solution is of the order of 10�6 M whereas in the solid-state

the visible detection limit is in the range of 10�4 M.

Table 1 Photophysical parameters of 1a, 1b and 1c in acetonitrile solution and in the solid state

Acetonitrile Solid state

Compound labs
a/nm log e lem

a/nm Ff
b lem

c/nm Ff
d

1a 408 4.74 537 0.51 534 0.460
1b 406 4.20 537 0.43 NEe NEe

1c 407 4.52 537 0.46 NEe NEe

a Determined in spectroscopic grade acetonitrile. b Fluorescence quantum yields (�5% error) were determined using quinine sulfate as the

standard (Ff = 0.546 in 0.05 M H2SO4).
c Solid-state emission (�2% error) was recorded using a combination of spectrofluorimeter and

integrated sphere. d Quantum yield measured using eqn (2) (ESIw). e No detectable emission.

Fig. 2 Circular dichroism spectra of 1a in the solid-state (—) and in

acetonitrile (� � �) (6 � 10�6 M). The inset shows the corresponding

solid-state absorption spectrum of 1a.

Fig. 3 Solid-state emission spectra of 1a in PMMA matrix (a) in the

absence and (b) in the presence of Zn2+ ions. Insets show emission

colors of 1a and the 1a-Zn2+ complex in PMMA matrix when

illuminated using 365 nm UV light.

Fig. 4 (a) Screening of various metal ion solutions in water under

neutral pH on a 1a coated plate under 365 nm UV illumination. (b)

Plot of fluorescence intensity of 1a in the presence of (a) Zn2+, (b)

Zn2+ + Cu2+ (1 : 1), (c) Zn2+ + Fe2+ (1 : 1), (d) Zn2+ + Na+ +

K+ + Mg2+ + Ca2+(1 : 1 : 1 : 1 : 1), (e) Ag+, (f) Cu2+, (g) Fe2+, (h)

Hg2+, (i) Na+, (j) K+, (k) Ca2+ and (l) Mg2+ [metal ion concentra-

tion (5 � 10�4 M)]. The relative fluorescence intensity of 1a in the

presence of Na+ was taken as unity for normalization.
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The important criteria for the successful use of a practical

sensor are its reusability and ability to detect a specific cation

in the vicinity of other competing ions. In the present case, the

reusability of the dip-stick for the detection of Zn2+ was tested

after washing the used stick with EDTA solution. Since EDTA

is a good Zn2+ chelator, decomplexation occurs upon washing

with EDTA solution. After washing and drying, the initial

greenish yellow fluorescence of the stick was regained and it

was ready for another trial (Fig. 5(e)). The regenerated stick

upon immersion in an aqueous solution of Zn2+ exhibited the

bright red emission when illuminated. This processes were

repeated 10 times without loss of the emission intensity to any

considerable extent, indicating the reusability of the probe a

large number of times.

In conclusion, a chiral bipyridyl ligand exhibited 25 times

the fluorescence in PMMA matrix when compared to an

analogous achiral derivative and was even more fluorescent

in the native powder form. This phenomenon has been

exploited in the fabrication of a reusable solid-state fluorescent

device which selectively detects Zn2+ in presence of other

competing cations in water. The present strategy which uses

the property of enhanced solid-state emission of a chiral

organic fluorophore for the visual detection of a biologically

relevant cation in water is a novel approach when compared to

other known methods. Moreover, this method allows the

imaging of Zn2+ in analytical samples, which expands the

future scope of this strategy.
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Fig. 5 Photographs of (a) a dipstick, coated with 1a in alumina

matrix; (b) after illumination by 365 nm UV light. (c) After immersing

in aqueous medium (pH, 7.2) containing Zn2+ ions (5 � 10�4 M) in

daylight and (d) after illumination by 365 nm UV light in the presence

of Zn2+. (e) Photograph of the dipstick used in (c) after washing with

EDTA solution followed by illumination.
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