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A diamino-functionalised cryptate can react irreversibly with

butanal in water, in the presence of an excess of a metal ion, to

form a cyclised bis-aminal complex, which displays metal-

dependent luminescence properties.

It is now recognised that zinc is a metal of fundamental

neurobiological and neuropathological importance.1 Conse-

quently, an understanding of its role in such contexts requires

an ability to detect, track and image zinc ions. The physical

and electronic nature of Zn2+ dictates that biological imaging

of it is dominated by two main modes: optical fluorescence and

magnetic resonance imaging. Confocal fluorescence micro-

scopy can be exploited to image zinc at cellular levels,2 and

has driven the development and design of a range of molecular

probes for the detection of zinc. The considerations for the

photophysical attributes of such a probe are dictated by the

optical properties of biological tissue: visible light sensitisation

and emission are key for avoiding endogenous autofluores-

cence. Given the development of fluorescence lifetime imaging

microscopy (FLIM),3 it would also be desirable and pertinent

to consider emission lifetime as an exploitable parameter since

lifetime imaging is generally independent of probe concentra-

tion. Lifetime responsive probes for Ca2+ can be utilised in

FLIM, but are disadvantaged since they require UV excita-

tion.4,5 To date, however, lifetime-responsive probes for zinc

appear to be limited to lanthanide-based arrays where zinc

binding modulates the resultant phosphorescence.6

The vast majority of luminescent probes for zinc have been

based upon well studied organic dyes such as fluorescein,7

quinoline8 and coumarin9 amongst other notable examples.10

In this paper we report the development of a luminescent,

responsive probe, based on a 2,20-bipyridine functionalised

cryptate core, which demonstrates variable wavelength (with

large Stokes shift) and fluorescence lifetime responses upon

complexation to a variety of metal ions, revealing an ability to

detect zinc in ionically competitive aqueous solutions.

The cryptate 1 was synthesised in six steps from 6,60-

dimethyl-3,30-diacetylamino-2,20-bipyridine (see ESI for full

synthetic schemew) and was found to react with a variety of

mono- and divalent metal cations, in either MeCN or H2O to

form the resultant complex [1–M]+/2+. As previously ob-

served in similar systems, the amino groups react readily with

aldehydes11 and reaction of either the zinc or barium complex

with an excess of butanal (non-volatile and water-soluble)

results in cyclisation at the two amino groups forming the

7-membered bis-aminal species [2–M]+/2+ (Scheme 1)z.
Whilst this reaction can be carried out in both MeCN and

H2O, it is important to note that no reaction with butanal was

observed with the metal-free ammonium cryptate species 1, or

in the presence of just one equivalent of metal ion. Previous

studies have shown that the proximity of the amino groups to

one another greatly affects their reactivity.11 In the free

cryptate, the bipyridine unit will be twisted away from pla-

narity and we have shown that this type of geometrical

arrangement results in unreactive amino groups. However,

upon coordination with a metal ion, the bipyridine unit will be

forced to approach planarity, facilitating the reaction will

butanal and resulting in the formation of the bis-aminal

species. Thus coordination of the cryptate unit is required

for the reaction with butanal to occur. Excess metal ion is

needed to act as a Lewis acid to promote the reaction.11

Both the cyclised zinc and barium complexes were charac-

terised by 1H NMR and HR ESI-MS and in the case of the

latter complex, a single crystal X-ray structure was obtained

(Fig. 1). In the crystal structure, the formation of the aminal

species is confirmed with the barium ion coordinated by four

Scheme 1 Formation of [1–M]n+ and [2–M]n+.
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oxygen atoms (2.809(5)–2.888(5) Å) and four nitrogen atoms

(2.836(5)–2.911(5) Å) from the cryptate moiety, along with

two oxygen atoms from the perchlorate counter ions (2.888(5)

and 3.006(6) Å, omitted for clarity).

The unique reactivity of 1 imparts tunable optical and

emissive properties. In its free diamino form, the probe (1)

absorbs with lmax = 317 nm (e ca. 7500 M�1 cm�1) and is

weakly emissive at ca. 440 nmw in aerated aqueous solution.

For comparison, a variety of metal cations (5 � 10�4 M as

perchlorate salts) were added to a 1�10�4 M solution of 1

resulting in minor emission wavelength shifts together with

general enhancements in emission intensity. Comparison of

Fe3+ (physiologically, the trivalent state is the most prevalent)

and Zn2+ was notable as these cations produced the most

significant blue (lem = 428 nm) and red shifts (lem = 452 nm)

respectively, thus allowing differentiation on the basis of

wavelength. Further evidence of binding was observed in the

absorption spectra where the lowest energy IL band is red

shifted in comparison to 1. In the case of [1–Zn]2+, absorption

lmax = 365 nm (e ca. 8100 M�1 cm�1). Further investigation

showed that exposure of a 1�10�4 M solution of 1 to titrated

micromolar concentrations of Zn2+ induced a 410-fold in-

crease in emission intensity (see ESIw). The optical properties

of the probe were further optimized by addition of excess

butanal to the solutions of [1–M]n+, resulting in the formation

of the cyclised bis-aminal complex species, [2–M]n+. This

derivatisation rapidly resulted in the formation of a yellow

coloured solution as a consequence of a red shift in the lowest

energy absorption band. This was exemplified in the electronic

spectrum of [2–Zn]2+ with lmax = 439 (e ca. 5700 M�1 cm�1)

and 282 (e ca. 24 300 M�1 cm�1) nm, demonstrating the

dramatic low energy shift upon cyclisation, and thus facilitat-

ing visible sensitisation (lex = 425 nm) of [2–M]n+ (see Fig. 2

for excitation and emission spectra of [2–Zn]2+). It is impor-

tant to note that, in contrast, neither 1 nor [1–M]n+ are

strongly absorbing above 420 nm and therefore excitation

wavelengths at or above this represent genuine selectivity for

the cyclised species. In its cyclised guise, the resultant photo-

physical responses of the various complexes were even more

varied. Table 1 compiles the data associated with the wave-

length and fluorescence lifetime responses (in the case of

[2–M]) of the probes to the various metal ions, together with

the relative intensity (compared to the zinc complex) of the

resultant emission from [2–M]n+.

The response to zinc produced the most intense emission by

a significant marginw. Generally, the emission maxima from

the cyclised diimine lumophore lie between 515 and 570 nm

following excitation in the visible at 425 nm (although as

demonstrated in Fig. 2, excitation was possible above 450 nm;

see also fluorescence lifetime measurements utilizing 459 nm

excitation), indicating a significant and desirable Stokes shift

more commonly associated with emissive transition metal

complexes. The dramatic increase in luminescence intensity

upon coordination to zinc ions, when compared to the other

metal cations, can be attributed to a number of factors. Zn2+

not only has a higher affinity for the bipyridine unit than the

Group 1 and 2 cations, it also has a closed shell d10 config-

uration whereas the paramagnetic metal ions (Ni2+, Co2+,

Cu2+) are typically efficient quenchers. Comparison with the

other conjoiners of the Group 10 metal ions reveals a gradual

decrease in luminescence intensity down the group, which can

be attributed to quenching via the heavy atom effect.12

The fluorescence lifetime of [2–Zn]2+ (5.9 ns, Fig. 3) is far

longer than those species that emit at ca. 560 nm (Ca2+, Ni2+,

Mg2+, K+, Na+, Li+, Co2+ and Fe3+). For analytes of

Fig. 1 X-Ray crystal structure of the cyclised barium complex cation,

[2–Ba]2+. Coordinated counter ions and solvent molecules have been

omitted for clarity.
Fig. 2 Examples of excitation (left) and emission (right) spectra of

[2–Zn]2+ obtained in aerated water.

Table 1 Luminescent properties of [1–M]n+ and [2–M]n+

M [1–M]/nma [2–M]/nmb
Relative
intensity (I/I0)

c [2–M] t/nsd

Li+ 442 559 0.03 1.3
Na+ 442 563 0.03 1.3
K+ 441 560 0.03 1.2
Mg2+ 440 560 0.03 1.3
Ca2+ 444 562 0.03 1.3
Ba2+ 437 543 0.23 9.0
Fe3+ 428 568 0.16 1.0
Co2+ 440 556 0.07 1.5
Ni2+ 440 566 0.05 1.4
Cu2+ Weak Weak — —
Zn2+ 452 533 1 5.9
Cd2+ 442 528 0.29 5.3
Hg2+ 441 520 weak 0.01 —

a lex = 350 nm. b lex = 425 nm. c Where I = M + 2, Io = Zn +

2. d lex = 372 or 459 nm. Measurements obtained using 1� 10�4 M of

1 and 5 � 10�4 M Mn+. All solutions were allowed to equilibrate for

10 min and the pH remained between 6.5 and 7.5 in all cases. For

[2–M]+/2+, samples were re-recorded after 24 h, demonstrating no

further changes.
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biological relevance, this lifetime dependence allows screening

for zinc in an ionically competitive (4 mM ZnCl2 in 140 mM

NaCl, 4mM KCl, 1.2 mM MgCl2, 2.3 mM CaCl2) buffered

(HEPES) aqueous medium at pH 7.4.13 Fig. 3 inset shows two

lifetime traces obtained as a function of wavelength detection

(520 and 600 nm) following formation of [2–M]+/2+ in the

ionic mixture. With reference to Table 1, one would assume

that the decay profiles are multi-component, but due to the

similarity of the shorter lifetime components, the profiles were

satisfactorily fitted with bi-exponentials in all cases. At longer

wavelengths (4550 nm), the shorter lifetime contributions

(ca. 1.3 ns) of Na+, K+, Mg2+ and Ca2+ are noted, but

superimposed on a long-lived component. In contrast, at lower

wavelengths (o550 nm), the contribution of the long-lived

emission (ca. 5.9 ns) is dominant, correlating with the presence

of the highly emissive zinc complex (see Table 1 and ESIw).
Thus, for species [2–M]n+, luminescence lifetime measure-

ments can be used as a discriminatory technique (Fig. 4) for

detection of zinc even in an ionic background that may

prevent conventional steady state wavelength analysis.
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Notes and references

z Synthesis of [2–Zn](ClO4)2: in a typical experiment, to the ammo-
nium cryptate [1NH4]I (5 mg, 8.1 � 10�3 mmol) in MeCN (1 ml) was
added an excess of Zn(ClO4)2�6H2O (15 mg, 4.0� 10�2 mmol) and one
drop of butanal. Diethyl ether was then slowly diffused in over 24 h.
After this time, orange crystals were deposited, which were collected
by filtration (3 mg, 47%). 1H NMR (500 MHz, CD3CN) dH 7.48
(d, 3JHH = 8.4 Hz, 2H), 7.22 (d, 3JHH = 8.4 Hz, 2H), 5.91 (s, 2H,
NH), 4.15 (m, 1H, CH3CH2CH2CH–), 4.01 (m, 4H), 3.74–3.32 (m,
overlapping, 18H), 3.15 (m, 2H), 2.87 (m, 4H), 1.86 (m, 2H,
CH3CH2CH2CH–), 1.56 (m, 2H, CH3CH2CH2CH–), 0.97 (t, 3JHH =
7.3 Hz, 3H, CH3CH2CH2CH–). ESI-MS found m/z 689
{[2Zn]ClO4}

+; HR ESI-MS found 689.2018, C28H42ClN6O8Zn re-
quires 689.2038 (error 2.89 ppm). [2–Ba](ClO4)2:

1H NMR (500 MHz,
CD3CN) dH 7.30 (d, 3JHH = 8.2 Hz, 2H, py), 7.14 (d, 3JHH = 8.2 Hz,
2H, py), 5.50 (d, 3JHH = 3.6 Hz, 2H, –NH), 4.33 (m, 1H,
CH3CH2CH2CH–), 4.16 (d, 3JHH = 13.6 Hz, 2H), 3.78–3.57 (m,
overlapping, 14H), 3.28 (m, 2H), 3.10 (m, 2H), 2.94 (m, 2H), 2.78
(m, 2H), 2.65 (m, 2H), 2.53 (m, 2H), 1.77 (m, 2H, CH3CH2CH2CH–),
1.52 (m, 2H, CH3CH2CH2CH–), 0.95 (t, 3JHH = 7.3 Hz, 3H,
CH3CH2CH2CH–). ESI-MS found m/z 736 {[2Ba]ClO4}

+; HR ESI-
MS found 736.1781, C28H42BaClN6O8 requires 763.1799 (error
2.4 ppm).
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Fig. 3 Comparative luminescence lifetime decay profiles of [2–M]n+

where M = K(I), Zn(II), Fe(III), Ca(II), Li(I). Inset: wavelength

dependent lifetime decays of [2–M]n+ in an ionic mixture. Data fits

and residuals are omitted for clarity.

Fig. 4 Graphical summary of the luminescence responses of the

cyclised cryptate species [2–M]n+ in water.
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